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The purpose of this report is to develnp drinking water standards for field-water
constituents and properties of military concern that are naturally occurring or
anthropogenically introduced under peacetime conditions. The recommended standards are
applicable only to military personnel deployed in the field and they are meant to protect
against performance-degrading effects resulting from the ingestion of field-water.

. Standards are recommended that address both short-term (up to 7 d) and long-term (up

’ to 1 y) field-water consumption at rates of 5 and 15 L/d. Turbidity and color are the
physical properties of concern because they can adversely impact the organoleptic

quality (e.g., taste, odor, or appearance) of field water and thereby lead to reduced
water consumption and subsequent involuntary dehydration, which can degrade perfcrmance.
Total dissolved solids, chloride, magnesium, sulfate, inorganic arsenic, cyanide, the
pesticide lindane, and metabolites of aquatic algae and associated bacteria (i.e., geosmin
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and methylisoborneol) are the chemical constituents of concern because they can be
respensible for degrading performance directly as a consequence of their toxic

properties and/or indirectly by adversely affecting the organoleptic quality of field
watar, which can result in reduced water consumption and an increased risk of dehydration.

This report is part one of the fourth voiume of a nine-volume study entitled
Evaluation of Military Field-water guqut . Titles of the other volumes are as follows:
ol. I, txecutive Summary; Vol. &, (onstituents of Military Concern from Natural and
Anthropogenic Sources; Vol. 3, Opportunity Poisons; Vol. 4 (Part 2), Heaith Criteria and

ecommendations for Standards: interim Standards for Selected Threat Agents and Risks
from Exceeding These Standards; Vol. 5, Infectious Orqanisms of Military Concern

Associated with Consumption: Assessment of Health Risks, and Recommendations for
Establishing Related Standards; Vol. b, Infectious Urganisms o ary Loncern

Associated with Nonconsumptive Exposure:  Assessment of Realth Risks, and Recommendations

or Establishing Related Standards; Vol. 7/, Performance Evaluation of the 600-GPH Reverse
Osmosis Water Purification Unit (ROWPU): Reverse Osmosis (RO) Components;
Vol.”8, Performance of Mobile Water Purification Unit (MWPU) and Pretreatment Components
of the 600-4PH Reverse Osmosis Water Puritication Unit (ROWPU] and Consideration of

everse Jsmosis as$, Potabie-Water Disinfection, and Water-Quality Analysis
Iechni ues; Vol. 9, Data for Assessing Healt sks 1in Potentia eaters of Operation
for U.g. Military Forces. .
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FOREWORD

This report is part one of the fourth volume of a nine-volume study entitled

Evaluation of Military Field-Water Quality. Titles of the other volumes are as follows:
Vol. 1, Executive Summary, Vol. 2, Constituents of Military Concern frorn Natural and

Anthropogenic Sources; Vol. 3, Opportunity Poisons; Vol. 4 (Part 2), Health Criteria and
Recommendations for Standards: Interim Standards for Selected Threat Agents and Risks
from Exceeding These Standards; Vol. 5, Infectious Organisms of Military Concern
Associated with Consumption: Assessment of Health Risks, and Recommendations for
Establishing Related Standards; Vol. 6, Infectious Organisms of Military Concern
Associated with Nonconsumptive Exposure: Assessment of Health Risks, and
Recommendations for Establishing Related Standards; Vol. 7, Performance Evaluation of
the 600~-GPH Reverse Osmosis Water Purification Unit (ROWPU): Reverse Osmosis (RQ)
Components; Vol. 8, Performance of Mobile Water Purification Unit (MWPU) and
Pretreatment Components of the 600~-GPH Reverse Osmosis Water Purification Unit
(ROWPU) and Consideration of Reverse Osmosis (RO) Bypass, Potable-Water Disinfection,
and Water-Quality Analysis Techniques; and Vol. 9, Data for Assessing Health Risks in
Potential Theaters of Operation for U.S. Military Forces.

The nine volumes of this study contain a comprehensive assessment of the chemical,
radiological, and biological constituents of field-water supplies that could pose health
risks to military personnel as well as a detailed evaluation of the field-water-treatment
capability of the U.S. Armed Forces. The scientific expertise for performing the analyses
in this study came from the University of California Lawrence Livermore National
Laboratory (LLNL) in Livermore, CA; the University of California campuses located in
Berkeley (UCB) and Davis (UCD), CA; the University of Illinois campus in
Champaign-Urbana, IL; and the consulting firms of IWG Corporation in San Diego, CA, and
V.]. Ciccone & Associates (V]CA), Inc., in Woodbridge, VA. Additionally a Department of
Defense (DoD) Multiservice Steering Group (MSG), consisting of both military and civilian
representatives from the Armed Forces of the United States (Army, Navy, Air Force, and
Marines), as well as iepresentatives from the U.S. Department of Defense, and the U.S.
Environmental Protection Agency provided guidance, and critical reviews to the
researchers. The reports addressing chemical, radiological, and biological constituents of
field-water supplies were also reviewed by scientists at Oak Ridge National Laboratory in
Oak Ridge, TN, at the request of the U.S. Army. Furthermore, personnel at several
research laboratories, military installations, and agencies of the U.S. Army and the other
Armed Forces provided technical assistance and information to the researchers on topics
related to field water and the U.S. military community.
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EVALUATION OF MILITARY FIELD-WATER QUALITY
VOLUME 4. HEALTH CRITERIA AND RECOMMENDATIONS FOR STANDARDS

Part 1. Chemicals and Properties of Military Concern
Associated with Natural and Anthropogenic Sources

PREFACE

This is the fourth volume of the nine volume report, Evaluation of Military
Field-Water Quality. This volume contains the health criteria and recommendations for
standards for the constituents and properties of field water identified es being of military
concern. Because of the nature and the amount of supporting information accompanying
these recommendations, the volume has been divided into two parts. Part 1 addresses the
field-water constituents and properties that are associated with natural or anthropogenic
sources. These properties and substances were identified in screening analyses ccntained
in Part 1 (Organic Chemicals), Part 2 (Pesticides), and Part 3 (Inorganic Chemicals_and
Physical Properties) of Volume 2 (Constituents of Military Concern from Natural and
Anthropogenic Sources). Criteria and recommendations for interim standards for
radioactivity and selected chemical-warfare threat agents of concern and the risks from
exceeding these standards are presented in Part 2 of this volume. These substances are
typically of military origin, and therefore they are considered to be relevant as
field-water contaminants only during military conflicts. The threat agents of concem
were identified by U.S. military and civilian members of the Department of Defense (DoD)
Multiservice Steering Group (MSG), a committee astablished for the specific purpose of
guiding and reviewing the research effort on the Evaluation of Military Field-Water

Quality.
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CHAPTER 1. INTRODUCTION
]. . Daniels* and D. W. Layton*
ABSTRACT

The purpose of this report is to develop drinking-water standards for field-water
constituents and properties of military concern that are naturally occurring or
anthropogenically introd-iced. The recommended standards are applicable only to military
personnel depioyed in the field and they are meant to protect against
performance-degrading effects resulting from the ingestion of field-water. Standards are
recommended that address both short-term (<7 d) and long-term (¢ 1y but > 7d)
field-water consumption at rates of 6 and 15 L/d. Turbidity and color are the physical
properties of concern because they can adversely impact the organoleptic quality (e.g.,
taste, odor, or appearance) of field water and thereby lead to reduced water consumption
and subsequent involuntary dehydration, which can degrade performance. Total dissolved
solids, chloride, magnesium, sulfate, inorganic arsenic, cyanide, the pesticide lindane, and
metabolites of aquatic algae and associated bacteria (i.e., geosmin and
2-methylisoborneol) are the chemical constituents of concern because they can be
responsible for degrading performance directly as a consequence of their toxic properties
and/or indirectly by adversely affecting the oi'ganoleptic quality of field water, which can
result in reduced water consumption and an increased risk of dehydration.

*Environmental Sciences Division, Lawrence Livermore National Laboratory, University
of California, Livermore, CA 94550
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INTRODUCTION

Field water supplies used as spures of drinking water for military personnel can
contain chemicals from natural and anthropogenic sources or possess physical properties
that pose direct or indirect impacts on health. Of particular concern are
performance-degrading health effects. To pravex{t such detrimental effects,
field-water-quality standards have been adopted for several water-quality parameters,
including turbidity, color, total dissolved solids (TDS), chloride, magnesium, sulfate,
arsenic and cyanide (see U.S. Army Technical Bulletins TB MED 229® and TB MED 5§77%),
However, comprehensive review and revision of the standards has not been performed
since the 1960's,

Two important concerns involving the existing standards are whether they include all
of the constituents of field water that are of potential concern and whether they are still
valid or need to be revised, given the research conducted over the past twenty years since
their original adoption. The first concern was addressed in earlier screening assessrnents
we completed to identify organic chemical contaminants.3 pesticicles,4 and inorganic
chemicals and physical properties5 that could pose adverse health risks besed on their
occurrence in.water supplies, concentrations, and toxicity. Those analyses confirmed that
the eight chemical constituents and propertiss listed above are still relevant and that
standards are needed to protect the health of military personnel. We also identified
lindane, a commonly used pesticide, and the taste- and odor-causing metabolites (i.e.,
geosmin and methyh'sbbomeol) of aquatic algae and associated bacteria as additional
constituents of concern.

The second issue involving the validity of the current standards is addressed in this
report. Specifically, we present reviews and assessments of the potential health effects
associated with each of the chemical constituents and properties of interest, define
applicable criteria for establishing standards, and then recommend revised or new
standards that protect against performance-degrading effects. Finally, we present
recommendations for research that can provide data and results for reducing uncertainties
related to the standards developed.

FIELD-WATER-QUALITY STANDARDS: BACKGROUND
Drinking-water standards for field water are necessary to prevent

performance-degrading effects involving (1) physical abilities associated with operative
sensory, neuromuscular, cardiovascular, respiratory, gastrointestinal, and cutaneous
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systems; (2) mental faculties related to properly functioning cognitive processes needed
for reasoning and decision making; and (3) behavioral attributes involving control of
emotions, discipline, motivation, morale, and cooperation. Adverse effects can result
from both the toxic and organoleptic properties of field water. Although the direct, toxic
effects of dissolved constitutents are a primary concern in the development of standards,
involuntary dehydration resulting from the reduced consumption of aesthetically poor
water is a concern as well because dehydration can lead to heat iliness.’ Consequently,
the basic purpose of field-water-quality standards is to prevent water from becoming a
source of casualties or causing decrements in the performance of military populations with
battlefield responsibilities. The field-water-quality standards that are recommended are
intended to protect essentially all military occupationai specialties, from infantryman to
fighter pilot. The recommended standards are definitely not applicable to populations of
civilians and do not represent water-quality standards for drinking-water treated at
properly functioning fixed installations.

To develop the various standards in a consistent fashion, we relied on a cet of
assumptions and definitions regarding the population at risk, exposure scenarios, etc. In
the discussion below, we describe the rationale and basis of the key considerations
affecting the analyses supporting the recommended standards.

Water Consumption Rates and Exposure Periods

Maximum water consumption rates for military personnel appear in the Water
Consumption Planning Factors Study7 prepared in 1983 by the Directorate of Combat
Developments and also in Chapter 3 of the 1983 Edition of the U.S. Army's Commander's
Handbook for Water Usage in Desert Operations, Field Manual No. 10-52-1.3 These
docurnents indicate that the maximum individual daily amount of drinking water required
by military personnel in order to remain combat effective can range from about 5 to
15 L/d, depending on climate, season, intensity of work, and type of battlefield (i.e.,
conventional, in which chemical attack, in particular, is not anticipated; or integrated, in
which chemical attack is anticipated). Accordingly, the 5 and 15 L/d maxima are used for
developing recommendatinns for field-water-quality standards in this volume. The use of
these values for standards development was also supported by the Department of Defense
(DoD) Multiservice Steering Group (MSG), a committee established for the specific
purpose of guiding and reviewing the research effort on the multivolume series titled
Evaluation of Military Field-Water Quality (this is Part 1 of Volume 4 of the series). Such
daily maximum consumption rates also are consistent with the operaticnal experiences of
the Israeli Defense Forces and observations by U.S. Army Medical Services

1-3
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Officers at training exercises for National Guard armor battalions in the Mojave desert of
California.? , '

Another important consideration in developing field-water-quality standards was the
duration over which consumption of field water would take place. According to the 1988
edition of U.S. Army Technical Bulletin No. TB MED 5§77, titled Occupational and
Environmentel Health Senitary Control and Surveillance of Field Water Supplies,’
consumptive use of field water is divided into two scenarios: short-term consurnption
lasting up to seven consecutive days (i.e., ¢ 7 d) and long-term consumption lasting up to
one year but exceeding seven days (i.e., <1 y but > 7d). Short-term conswnption
standards for field water are needed because in some battlefield situations access to
drinking water meeting long-term consumption standards may be prohibited. However, in
the opinion of the U.S. military and civilian experts on the DoD MSG such access is
unlikely to be denied for more than seven consecutive days. Long-term consumption
standards for field water are applicable to forces deployed in military situations lasting up
to one year; in these situations, military personnel would obtain the greatest proportion of
their drinking water during that time from military water-purification equipment such as
the reverse osmosis water purification unit (ROWPU). The DoD MSG concluded that a
one-year duration for long-term field-water-quality standards was sufficient. The
rationale for this conclusion is that within a year most of the drinking water consumed by
field forces should be provided by properly functioning fixed installations.

Other Considerations

The paramount focus of the research presented in this report is to develop and
recommend standards that should prevent field-water-~related casualties and performance
degradation in those military populations deployed in field~combat situations.
Consequently, neither the existence nor performance of water-quality imonitoring devices
nor the efficiency of water-purification equipment were a consideration in the
development of the field-water-quality standards that are recommended. Similarly,
recommended standards do not protect against heaith effects such as carcinogenesis or
teratogenesis.

When possible, human toxicologicul data with respect to ingestion were evaluated for
ascertaining dose-response relationships. If such human data wers limited, inadequate, or
absent, dose~reponse relationships for humans were extrapolated from oral-dose data for
animals. The health consequences of synergistic interactions between the constituents of
military concern could not be assessed because relevant data were not available in the
literature. )

1-4
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Furthermore, the field-water-quality standards contained in this document and.
recommended for adoption by the Armed Forces of the United States were developed with
regard to (1) typical pH values (acidity/alkalinity) of field water, (2) an optimum }
i temperature of field water for consumption by military personnel, and (3) a threshold odor |
number (TON) of field water that is characteristic of an odor level that military personnel
in battlefield situations should find acceptable. Qur review of the literature concerning
) the pH of natural waters, which is contained in Part 3 (Inorganic Chemicals and Physical
1 Properties) of Volume 2 (Chemical Constituents of Military Concern from Natural and
Anthropogenic Scmrcaai.5 revealed that typical pH values of natural waters can vary
between 5 and 9, and the vast majority of natural waters will have a pH between 6.4 and
8.5. Coincidentally, the later range for pH is consistent with that recommended by the
U.S. Environmental Protection Agency (EPA) as a National Secondary Drinking Water
Regulation (i.e., 6.5 to 8.5) to minimize adverse effects that excessively high or low levels
of pH might have on disinfection processes, as well as on taste and cormsivity.lo Also,
according to TB MED 577,2 the optimum temperature of drinking water for consumption ‘
by military personnel is 60°F plus or minus 10°F (16°C plus or minus 5°C). This preferred
temperature for consumption is supported by data presented by Hubbard et g_l.n in a
report concerning voluntary dehydration and water alliesthesia (e.g., thirst sensation is
positively oc negatively influenced by stimuli such as cold or hot temperature of water).
Finally, the U.S. EPAIO indicated that a threshold odor number (TON) of three (as
determined by procedures described in Standard Methods for the Examination of Water and
A Wastewaterlz), which is a National Secondary Drinking Water Regulation, was
- characteristic of an odor level that most consumers in the general population would find

acceptable.

' If the pH, temperature, and/or odor of a field-water supply is outside of the levels or
ranges that are "tolerable” in terms of palatability and potability, personnel drinking the
water may find it aesthetically undesirable. This condition could lead to reduced water
consumption, susceptibility to dehydration, and subsequent performance degradation.
However, the data available in the literature were not able to support development of
standards based on a direct relationship between performance-degrading organoleptic or
health effects in military personnel and levels of these properties outside the limits
identified as typical, optimum, or acceptable for palatability and potability. The data
indicated only that a potential source of drinking water may not be consumed if the pH,
temperature, and/or odor of the water were outside these limits, independent of the
concentration of any other chemicals or properties present in the water. Consequently,
the development of standards that would protsct against adverse effects related to
potential synergistic relationships between these properties also was not possible.

D E——
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Moreover, data were virtually absent for determining the potential health consequences or
aesthetic impacts from the chemicals and properties of military concem if the pH of field
water is outside the limits indicated to be typical of natural waters and considered
tolerable for consumption.

Even though there are very little data to define the potential health risks of
temperature and pH in field water outside the tolerable limits, temperature and pH are
addressed in detail in the literature with respect to their influence on the disinfection of
drinking water, especially with regard to the effectiveness of chlorine. According to data
presented in a review article by Lippy,13 the predominant dissociated form of chlorine in
water at a pH hetween 6 and 7.5 is hypochlorous acid (HOCI), which is an effective
biocide, but the hypochlorite ion (OCL"), which is a relatively poor disinfectant and results
from the dissociation of HOCI], predominataes as pH levels rise from 8 to 10. Therefore, it
may be necessary tc lower pH if OCl™ predominates, or if the chlorine requirement to
achieve adequate disinfection at higher pH levels becomes so great as to produce an
objectionable taste. In fact, the recommended standard for pH for long-term consumption
(> 7 d) of field water appearing in the latest edition of TB MED 5772 (i.e., pH between 5
and 9) appears to be based on facilitating adjustments in the amount of chlorine that may
be required to maximize disinfection and to minimize potential adverse taste problems.

" Furthermore, temperature also influences the dissociation of HOC! to OCl™, but to a much

lesser extent than pl—l,14 such that the reaction of chiorine with microorganisms is
inversely related to water temperaﬁure.13 For example, the latest edition of
TB MED 5772 recommends that the 30-min chlorine residual for adequate disinfection that
is applicable to pH levels in water at temperatures at or above 40°F (5°C) be doubled for
similar pH levels in water at temperatures less than 40°F (5°C).

Finally, odor can be caused by a variety of different inorganic and organic substances
and its control requires knowledge of the nature of the odorous material. 10 Moreover,
odor by itself is an aesthetic (i.e., organoleptic) property and not directly related to health
effects and because most consumers in the general population would find drinking water
containing a TON of 3 to be m':c:eptable’.10 we assume that military personnel under
battlefield conditions should find field waters containing a TON between 0 and 3 to be
equally palatable and potable for consumption.

Objectives of the Field-Water-Quality Standards

The specific objectives of short- and long-term field-water-quality standards were
defined by the DoD MSG. These objactives are the comerstone upon which the
recommendations for field- water-quality standards are based. Specifically, short-term
standards should protect against any health effect end point that can adversely impact

1-6 .
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the capability of an individual to conduct a military mission (i.e., prevent operational
degradation). However, as stated in TB MED 577,2 a field commander forced to institute
short-term standards must acknowledge the potential for reduced combat efficiency each
day 'that short-term standards remain in effect; the risk of morbidity from prolonged
exposure to field water meeting short-term standards is greater than for field-water
meeting long-tern standards. Alternatively, long-term standards should protect against
any adverse health effects that could appear during a 1-y period of exposure.
Longer-term adverse health effects are not addressed in the recommendations for
field-water quality standards. In combat situations longer-term adverse health effects
(e.g., carcinogensis, teratogenesis, or latent or chronic effects), are typically not as
imminent nor as consequential as a performance decrement induced by immediate (i.e.,
acute) health effects. Nevertheless, potential chronic effects are identified in discussions
accempanying the recommendations for standards if such information is available in the
literature.

Characteristics of the Population at Risk

The military populations at risk are those deployed in the field and composed
predominantly of male adults who are between 18 and 55 years old, weigh an average 70 kg
(approximately 154 lb), and are in good health. The possibility that female adults will not
be excluded from battlefield responsibi.ities, particularly those of a supporting nature, was
also considered. The female military populations would be similar to male populations.
For example, they would be between 18 and 55 years old and in good heaith, but they
would weigh an average 60 kg (132 lb). The military populations of interest also are
regarded to be (1) adequately immunized; (2) satisfactorily nourished (such that any
nutritional deficiency or salt imbalance is not significant); and (3) without physical or
mental problems that could impair the physical abilities, mental faculties, or behavioral
attributes required for performing assigned tasks in a combat situation. Finally, due to
the nature of battlefield situations and requirements, military personnel typically will not
be acclimated to the field water in a specific geographic ragion prior to arrival.

RECOMMENDATIONS FOR FIELD-WATER-QUALITY STANDARDS
The field-water-quality standards recommended in this volume are presented in

Table 1. Table 1 also contains comparable standards for drinking water published in the
last (i.e., 1978) edition of U.S. Army Technical Bulletin No. TB MED 229,1 the 1986 edition

1-7
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of US. Army Technical Bulletin No. TB MED 577.2 the most receant version of
Quadripartite Standardization Agreement (QSTAG) 245.15 and cited by Sayre16 in a
review of "Intermational Standards for Drinking Water." The standards for constituents of
drinking water that are summarized in Table 1 have besn divided into two categories:
those related primarily to the physical condition or organoleptic quality (e.g., taste, odor.,
appearance) of the water and those related to the chemical quality of the water.

As discussed earlier, the recommended field-water-quality standards presented in
Table 1 were not developed on the basis of detection capabilities available to military
forces nor on the treatement efficiency attainable by military water-purificiation
equipment. The methodologies used to develop the recommended field-water-quality
standards were not the same for all the constituents of field water identified to bo of
concern. Nevertheless, the recommended standards were developed to be consistent with
each other. Each standard provides protection against performance-degrading effects in
military personnel, and is applicable to all military occupational specialties. The
standards recommended do not address health effects such as carcinogenesis or
teratogenesis. Finally, a temperature of 60°F + 10°F (16°C + 5°C), a pH between 5 and 9,
and a TON between 0 and 3 represent optimum tolerable limits for these attributes of
field water for military personnel. Consequently, standards that are recommended for
other chemicals and properties of field water take into consideration the aforementioned
optimum limits for temperature, pH, and odor. In fact, a potential source of drinking
water may not be consumed if the temperature, pH, and/or odor of the water were outside
the optimum limits, independent of the concentration of other chemicals or properties of
military concern.
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CHAFTER 2. TURBIDITY AND COLOR

A. W. Qlivieri,” R. C. Cooper,” and R. E. Danielson”
ABSTRACT

Water quality limits for turbidity and color are accepted generally as aesthatic
standards; no evidence indicates that » direct relationship exists between human health
offects and turbidity and color in water. However, high levels can make the water
objectionable to many individuals, causing them to refuse to drink it. In some situations,
these individvals covld become suscoptible to dehydration, which could result in
performance-degrading effects. Addivonally, turbidity can affect the efficacy of
chlorination thereby increasing exposure to infecticus microorganisms in field water that
can pose a significant risk to health.

We present data that relate the percent of military personnel that would drink water
with varying levels of turbidity, color, and odor. The data suggest that approximately a
third of military personnel might reject field water that meats existing military standards
(5 units of turbidity and 50 units of colos). However, a turbidity level less than or equal to

1 nephelometric-turbidity unit (NTU) not only wonld tend to improve the efficacy of
disinfection for most infectious microorganisms (the protozoa Giardia and

" Cryptosporidium are notable exceptions), but aiso would reduce the percentage of military

personnel that may refuse to drink the water and become susceptible to the
performance-degrading effents of dehydration to levels as low as about 2%, provided color
and odor are absent. Thus, we recornmend that the exisiting turbidity standard of 5 units
be changed to 1 NTU. We also recommend that the exisiting color standard be changed to
16 color units for long-term (< 1-y) exposure and 50 color units for short-term {¢ 7-d)
exposure because (1) color is not directly associated with health effects, and (2) these
color levels, although noticeable, can bs considered tolerable for military populations from
an ovganoleptic or aesthetic standpoint.

* Senitary Engineering and Environmental Health Research Laboratory, University of
California, Richmond Field Station, Richmond, CA 94804
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INTRODUCTION

The acceptance of supplied drinking water is a fundamental consideration in the
management and control of water quality. Although water quality may be defined in
terms of physical, chemical, and bacteriological parameters, the characteristics with the
greatest influence on accsptability are those that affect the human sensea;.1 These
characteristics include turbidity, color, odor, and taste. In this report, we present
information on the occurrence, sources, existing standards, analytical techniques, health
effects, and public acceptability of turbidity and color. In addition, we recommend
standards for turbidity and color in field waters used as drinking-water sources for
military personnel.

TURBIDITY

Turbidity in water is caused by suspended material such as clay; silt; finely divided
organic and inorganic matter; soluble, colored organic compounds; and plankton and other
microm'ganisams.2 Turbidity may result from natural processes such as erosion, or it may
result from discharge of demestic and industrial waste to surface waters. For example,
suspended material derived from mining, dredging, logging, pulp and paper manufacturing,
and other industrial activities will contribute to water turbidity.3 In fact, increased
stream turbidity commonly results from soil disturbances due to events such as improper
road location, which in the past typically has been associated with forestry operations;
naturally occurring landslides caused by steep or unstable slopes; and catastrophic fires
that can expose soil to mnoft‘.4 Coincidentally, such events are comparable to those that
might occur during field-combat situations.

The turbidity of water is an expression of the optical property that causes light to be
scattered and absorbed by suspended material. Thus, the degree of turbidity can be
measured either by reduction in the amount of light transmitted through a column of
water (spectrophotometry) or by the amount of light reflected by the suspended particles
(nephelometry). The degree of turbidity measured using these methods is not equal to the
amount of suspended solids; it is only an expression of an effect of suspended solids on the
optical characteristics of the water. The importance of turbidity as a field-water-quality
parameter is related to its organoleptic property of unfavorably affecting the appearance
of water and to its potential for adversely affecting disinfection processes, as will be
discussed later,
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The turbidity standards that are currently applied to military water supplies are
presented in Table 1. We presume that the unita in Table 1 are nephelometric-turbidity
units (NTUs) because the minimum treatment requirements for turbidity for short-term
and long-term consumption, which are contained in the most recent edition of the
quadripartite agresment between American, British, Australian, and Canadian military
forces, are given in terms of NTUs and correspond to those in Table 1 for fixed
installations.®

ANALYTICAL METHODS
Several methods to measure turbidity are presentiy used by operators at municipal

water-treatment facilities. Thess methods include use of the Jackson Candle
turbidimeter, nephelometer, spectrophotometer, visual comparison with standards, and

operator judgment. The two approved methods contained in the 16th edition of Standard _

Methods for the Examination of Water and Wtﬂstewatczn'2

turbidimeter and the nephelometer.

Historically, the most frequently used instrument for the determination of turbidity
has been the Jackson turbidimeter; however, because the lowest turbidity value that could
be measured directly on this instrument was 25 Jackson turbidity units (JTU), other
methods (e.g., nephelometric and visual comparison) are used. A detailed discussion of the
apparatus and procedures for determining JTUs and NTUs is presented in the 15th edition

of Standard Methods for the Examination of Water and W_a_gtewater.2

use the Jackson candle

Table 1. Turbidity standards currently applied to U.S. military water supplies.

Water source Short term Long term
Field supplies Reasonably clear® 5 units®
Fixed installations 5 units 1 unit®

2 From U.S. Army.®

b Correspondg to 1962 drinking-water standard for turbidity established by U.S. Public
Health Service.

C Corresponds to the 1975 National Inte%m Primary Crinking Water Regulations for
turbidity, established by U.S. Environmental Protection Agency.
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As described in the previously mentioned book.2 turbidity measurernents by the
candle turbidimeter are based on analysis of the light path of a standard candle flame
viewed through suspended material. The longer the light path, the lower the turbidity. As
noted previously, the lower limit of the candle turbidimeter is 28 JTUs. Because turbidity
in treated waters generally is less than 25 JTUs, indirect methods are employed to
estimate these turbidity values. For example, a visual comparison with prepared turbidity
standards may be employed.

At presant, nephelometry is the primary method used for measuring turbidity. As
described in Standard Methogg.z this method is based on a comparison of the intensity of
light scattered by the sample under defined conditions with the intensity of light scattered
by a standard reference suspension under the same conditions. The higher the intensity of
scattered light, the higher the turbidity. Formazin polymer is used as the standard
reference suspension for turbidity. The turbidity of a specified concentration of formazin
is defined as 40 NTU and has an approximate turbidity of 40 JTU. Therefore,
nephelometric-turbidity units based on the formazin standard will approximate units from
a candle turbidimeter.

Two other methods are currently used by the U.S. Army to determine turbidity.9
COne method employs a white porcelain cup with a black enameled dot at its bottom. If the

"black dot cannot be seen when the cup is filled to the top with raw water, the turbidity is

considered to be greater than or equal to 100 turbidity units (TU). Alternatively, the
turbidity is considered to be less than 100 TU if the black dot at the bottom of the cup is
visible. The other method employed by the U.S. Army involves the use of a turbidimeter
to visually compare a water sample with a calibrated stock suspension.

HEALTH EFFECTS

We reviewed the literature to determine whether a relationship could be documented
between disease and suspended particles in water. Several studies provided insight to this
relationship. The studies are discussed next in terms of information dealing with a direct
relationship between turbidity and disease, information covering turbidity and its effect on
disinfection efficiency, and information covering the aesthetic quality of water.

Relati ip Between Turbidity and Disease
Studies on the direct relationship between turbidity and disease were reviewed and

are summarized below.

2-4



g AT T N

G e

Volume 4, Pt. 1

1. In 1948, Neefe et g_l.m added 40 to 60 mg of feces containing the causative agent
of infactious hepatitis to one liter of distilled water. They treated the water specimens by
using various techniques that include coagulation, particulate-activated-carbon
treatment, filtration, and chlorination. These specimens were then fed to human
volunteers. The results indicated that ingestion of untreated water resulted in a 67%
average incidence of hepatitis. Water that was disinfected to a total-chlorine residual of
1.1 mg/L after 30 min caused hepatitis in two of five volunteers. Finally, a specimen of
water that was first coagulated, filtered, and then disinfected to the same chlorine
residual produced no hepatitis in five volunteers. This experiment was repeated with
seven additional volunteers, and again no infectious hepatitis occurred.

2. Chang et gl,.u showed that nematodes could ingest enteric bacterial pathogens,
as well as viruses, and that a small percentage of the organisms could survive for 24 h at
25°C. In addition, they showed that nematode-borne organisms were completely protected
against chlorination even when more than 90% of the carrier worms are immobilized.

The importance of studies 1 and 2 relative to the direct relationship between
turbidity and disease is questionable; they are discussed here only because they are
referenced frequently by other authors reporting on this topic.

3. Data from three water-treatment facilities that treated surface water were
analyzed by Waltfm.12 Coliform bacteria were detected in the chlorinated water at only
one facility. This facility generally had turbidities less than 10 TU, but occasionally
turbidities as great as 100 units were found.

4. Sanderson and l(enlly13 studied an impounded water supply that received only
chlorination treatment, Water samples consistently yielded confirmed coliform organisms
and contained turbidities ranging from 4 to 84 units. They concluded "...coliform bacteria
were imbedded in particles of turbidity and were probably never in contact with the active
agent. Thus, it would be essential to treat water by coagulation and filtration to nearly
zero turbidity if chlorination is to be effective."” 13

5. Hudson,“ using Walton's'? data as well as his own, related the incidence of
infectious hepatitis to turbidity in the finished drinking water for several cities in the
United States. A summary of his data analysis is shown in Table 2. Hudson concluded that
"...low rates of virus disease occur in cities where the water treatment operators aim to
produce a superior product rather than a tolerable water." 14

6. In 1963, an analysis of water in the San Andreas reservoir in San Francisco,
Californie, was conducted by Tracey et g_;.“ The results showed that 33% of all coliform
samples had five positive test tubes (e.g., presence of coliform indicated by gas production
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Table 2. Relationship between filtered-water quality, free-chlorine residual, and hepatitis
incidence, determined from data collected in 1953.%

Hepatitis
Average Final chlorine (cases/ 100,000
turbidity (TU) residual (rg/L) people)
0.18 0.1 3.0
0.10 0.3 4.7
0.25 0.3 4.9
0.2 —~— 8.8
0.3 0.4 31.0
1.0 0.7 130.0

a From Hudson. 14

visible in specially designed test tube), in spite of the presence of a chlorine residual.
Additionally, the results indicated that during the period of greatest coliform persistence,
the turbidity of the water ranged from 5 to 10 TU.

7. In laboratory studies, Robeck et _a_l_.16 showed that floc breakthrough from a
granular filter, sufficient to cause a turbidity of less than 0.5 TU, was usually
accompanied by a virus breakthrough.

Although the results of all these studies are interesting, we rmust be cautious of
concluding too much from these findings. Our review of the literature did not reveal a
direct relationship between disease and turbidity in water. However, the results do
indicate that a low-turbidity water is important to have prior to disinfection.

Disinfection Efficiency

The rationale behind emphasizing low turbidity levels for potable water is based on
the interference of particles with disinfection chemicals. We reviewed several studies
that support this rationale. The following is a summary of these studies.

1. Symons and l-lofi’17 reported the results of a study that evaluated the inactivation
of poliovirus~1 in several different suspensions: (1) demand-free (virus in a chlorine
demand-free suspension), (2) alum-flocculated, (3) bentonite-adsorbed, and
(4) cell-associated. In each suspension, chlorine was used as the disinfecting agent. The
results indicated that alum and bentonite turbidity (inorganic), ranging from 4.2 to 5.5 TU,
had no effect on virus inactivation (disinfection efficiency). The demand-free
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virus-inactivation rates, with turbidity of 0.2 unit, were similar to the bentonite and
alum-flocculated inactivation rates. Finally, turbidity associated with cell culture (debris
‘associated with virus culture) of 1.4 units reduced virus-inactivation rates and thereby
protected the viruses from chlorine disinfection.

2. Scarpino et 9_1_.18 reported a study that evaluated the ability of suspended matter
and viral eggregation to affect the efficiency of chlorine dioxide disinfection. The resuits
of the study indicated that bentonite turbidity (iriorganic) ranging from 0.5 to 16 NTU, and
increasing temperatures of 5 to 25°C, slightly decreased the efficiency of chlorine dioxide
disinfection. The study demonstrated that a bentonite-adsorbed virus with a turbidity of
<5 NTU was protected to 11.4% (88.6% unprotected) and the same virus with a turbidity
between § and 17 NTU was protected to 24.8% (75.2% unprotected), It was also reported
that cell-associated viruses with turbidities ranging from 1.1 to 3.1 NTU had no effect on
the efficiency of chlorine dioxide disinfection. A reevaluation of Scarpino's data
indicates that the disinfection efficiency at turbidities below 10 NTU appears to be a
function of temperature (in the ambient range) rather than turbidity (i.e., increasing
temparature increases sfficiency), and that above 10 NTU, turbidity appears to play a role
in decreasing disinfecticn efficiency.

3. Sproul et gl_.lg investigated the effect of suspended particles on ozone
disinfection of enteric bacteria and viruses adsorbed to or incorporated into these
materials. The particles were fecal material, HEp-2 cells, alum-oxide floc, and bentonite
clay. The results indicate that HEp-2 cells and fecal material turbidity (organic) of 5 NTU
decreased ozone disinfection efficiency; the bentonite and alum-oxide turbidity
(inorganic), ranging from 1 to 5 NTU, did not affect significantly the ozone disinfection
efficiency.

4. LeChevallier et _a_l.zo studied the interrelationships between elevated turbidity
levels and the efficiency of chlorination in drinking water for six watersheds in Oregon.
The results indicated that the magnitude of coliform masking in the membrane-filter
technique increased approximately 40% in water samples with more than 5 NTU.
Additionally, a model was developed that indicated that an increase in turbidity from 1 to
10 NTU in the surface-water supply would result in an eight-fold decrease in the
efficiency of disinfection. Finally, the results indicated that the turbidity was primarily
organic material,

5. Budde et g.“ investigated the bactericidal efficiency of three disinfectants:
chlorine, iodine, and ozone. In general, the results indicate that an increase of 2 JTU
increased the required dose of iodine by 1 mg/L, chlorine by 0.2 mg/L, and ozone by
approximately 3 ing/L. Review of the data indicates that the turbidity was primarily
organic materiel. '

2-7
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In general, the results of the above studies indicate that turbidity values above
§ NTU, caused by organic material, decreased disinfection efficiency, whereas inorganic
sources of turbidity did not. Additionally, because chlorine demand was directly related to
organic turbidity, the chlorine demand might be an appropriate means to determine
whether turbid water supplies would decrsase chlorine efficiency and thereby increase the
chances for biological pathogens to reach the consumer. However, the cysts of the
protozoa Giandia and Cryptosporidium are especially resistant to disinfection, and
Cryptosporidium cysts may be even more resistant to disinfecticn than Giardia
cysts.zz'za These pathogenic microorganisms, whicii can cause severe diarrheal
illnesscmzz'23 (e.g., a severs Cryptosporidium infection could cause profuse diarrhea and a
corresponding fluid loss of up to 10 L/du), may even be present in unfiltered natural
waters with turbidity levels less than or equal to 1 NTU.2425 e cysts of
Cryptosporidium may even resist disinfection in such low turibidity watar.zz’24
Nevertheless, limiting turbidity te 1 NTU or less should cptimize disinfection efficiency
for most other pathogenic microcorganisms by minimizing the interfering effect of
turbidity, specifically organic turbidity, on disinfection processes and by preventing any
turbidity from shielding microorganisms from the disinfectant.

Acceptability as a Function of Turbidity

In 1972, l-larris1 completed a study designed to systematically relate combinations of
turbidity, color, and odor values to public acceptability of water (from 0 to 100%). In the
study, he obtained acceptability ratings from three consumer populations, each with
different sources for drinking water: bottled water, filtered tapwater, and unfiltered
tapwater. For this assessment, Harris prepared 125 water samples consisting of all
possible combinations of five turbidity values (0, 5, 10, 20, and 40 TU), five color values (0,
15, 30, 50, and 70 color vnits), and five odor values (1, 3, 12, 50, and 2G0 threshold odor
numbers). These 125 samples were then separated randomly into nine sample sets: eight
groups of 14 samples and o.16 group of 13 samples ( [8 x 14] + [1 x 13] = 125). From each of
the three consumer popu ations, 180 people were selected corresponding to a total of
540 people (3 x 180 - 540). These respondents were selected from all age groups and both
sexes to minimize effects of biasing factors. Each of the three representative groups of
180 people was divided in .0 nine subgroups of 20 (9 x 20 = 180); one subgroup from each
representative group rev.ewed each of the nine sample sets. In this way, 60 people
(3 x 20 - 60) assigned watar acceptability ratings to each of the samples of a sample set.
Therefore, a total of 78500 acceptability ratings were recorded ([60x8 x 14] +
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Table 3. Action-tendency scale for rating water on the basis of color, turbidity, and odor.

Rating Statement
1 I would be very happy to accept this water as my everyday drinking
water. .
2 [ would be happy to accept this water as my everyday drinking water.
3 I am sure that [ could accept this water as my everyday drinking
water.
4 I could accept this water as my everyday drinking water.
.5 Maybe I could accept this water as my everyday drinking water.
General Population
6 I don't think I could accept this water as my everyday drinking
water.
Military Population
7 I could not accept this water as my everyday drinking water.
8 [ could never drink this water.

[60 x 1 x 13] ). In assessing each sample, the respondent observed and smelled the sample,
which was presented in a clear glass 6-ounce bottle and presumably at a temperature
typical of tap water (only visual and olfactory examination was permitted because a pilot
study indicated that essentially the same acceptability rating distributions would be
obtained if respondents were requested to examine the water sample in a drinking glass
and to taste the sample; consequently, the simpler method was employed). Next, the
respondent indicated the degree to which he or she could accept the water by seiecting the
appropriate rating on the action-tendency scale showu in Table 3.

According to Harris,l the borderline between acceptance and rejection for the
general population was located between statement 5 on the rating scale ("Maybe I could
accept this water as my everyday drinking water") and statement 6 ("I don't think I could
accept this water as my everyday drinking water”). The action-tendency scale is a
continuum reflecting the degree of acceptance or rejection. This continuum permits the
respondents to reflect more accurately their feelings about consuming the water sample.1

Harris prepared frequency distributions of ratings for each of the 125 combinations
of turbidity, color, and odor values for each water sample and for the total number of
responses. An example of one such frequency distribution is shown in Table 4. To
transform the rating responses to acceptability percentages, the responses above the
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Table 4. Distribution of respondent action-tendency ratings for three different water
sources having a turbidity of 5 TU, a color of 15 units, and a threshold odor number of S.a'b

Water source (number of respondents)

Bottled Filtered tap Unfiltered
water water water Total
Rating (N=20) (N=20) (N=20) (N=60)
1 2 2 4
2 2 3 5
3 2 3
4 2 3 5 10
5 11 6 2 19
General Population
6 2 4 3 9
Military Population
7 1 2
8 3 1 4

3 From Standard Methodﬁs..2 :

b Turbidity, color, and odor values as specified by U.S. Environmental Protection
Agency.”:26

acceptance/rejection borderiine must be summed and divided by the total responses (N).
Fer example, the acceptability percentage for the general population based on the data for
water having a turbidity of 5 TU, a color of 15 units, and a threshold odor numbert of 3
(see Table 4) is 73% (44 of 60).

The calculated acceptability percentages for all 125 combinations of turbidity, color,
and odor values were then piotted by Harris, resuiting in five charts.! Because use of the
charts for our purposes was cumbersome, we reanalyzed Harris's raw data (see

* According to Standard Methods,2 the threshold odor number (TON) is determined by
diluting a sample with odor-free water until the least definitely perceptible odor is
achieved and then computing the TON using the following equation:

TON = (mL of sample + mL of odor-free water)/(mL of sample).

2-10




Volume 4, P:. |

Appendix A). From our reanalysis of Harris's raw data we derived the following muitiple
regression equation (see Appendix B):

A = 86 - 0.5(C) - 1(T) - 0.1(8) , (1)

where
A =« percentage of population rating water ;cceptable,
C = color units,
T = turbidity units,
S » threshold odor number.

Use of this statistical approach allows us to obtain a mathematical description of the
relationship between the variables in question (i.e., color, turbidity, odor, and
acceptability). The mathematical relationship derived provides a tool that can be used
easily by water-quality managers to evaluate drinking water supplies for consumer
acceptability. We believe Harris's raw data were obtained using a well developed and
valid methodology applicable to the statistical requirements of this regression analysis.
Harris's methodology is discussed in detail in his repom:.1

We plotted the acceptability as predicted by Eq. 1 and Harris's data as the observed
acceptability; the resulis are shown in Fig. 1. Figure 1 indicates that Eq. 1 acts as a
reasonable predictor of Harris's observed data. Equation 1 has a multiple-correlation
coefficient (R) of 0.891, indicating that approximately 80% (R2 = 0.794) of the variation in
the population's acceptance of drinking water is explained jointly by coior, turbidity, and
odor. Furthermore, Eq. 1 has a standard error of 10.2%, indicating minimal variation from
observed acceptability data.

To evalvate changes in acceptability associated with changes in turbidity, the color
and odor values in Eq. 1 were set at a constant value of 50 color units and 3 odor threshold
units. These values are consistent with the existing military standard® and the 1962
public-health odor standard.? A two-dimensional plot of the percentage of the population
that will judge water acceptable, based on the levei of turbidity, is shown in Fig. 2. At
5 TU, which is the military standard, estimates show that 56% of the general population
ronsiders the water acceptable. This means that approximately 44% of the general
population indicated that they "didn't think they could accept the water us their everyday
drinking water" (see Table 3). According to Eq. 1, approximately 14% of the population
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Figure 1. Relationship batween observed acceptability and acceptability predxcted from
multiple regression equation.
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Figure 2. Percentage of the general population that will rate water acceptable, bascd on
turbidity, when color is fixed at 50 color urits and threshold odor number is fized at 3.
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would reject the water at zere color, turbidity, and odor levels. This indicates that a high
level of background rejection exists. The rejection level may recult from constraints

within Harris's reethodology that are discussed in this report.

DEVELOPMENT OF RECOMMENDATIONS FOR STANDARDS

To develop a recommended standard for turbidity, we make the following
assumptions based on the previous discussion.

o

Turbidity is a nonspecific water-yuality parameter.

Turbidity is a measure of water-treatmunt effectiveness.

Evidence for a direct relationship between disease and turbidity levels in water is
mostly anecdotal and tenuous.

The relationship between turbidity and disinfecting capability of chlorine and
other chemical agents for most pathogenic microorganisms depends more upon
the type of turbidity (organic or inorganic) than the amount.

[norganic turbidity probably has no baaring on the potential protection of
pathogens, even though organisms (e.g., viruses) can adsorb onto inorganic
material, whereas organic turbidity interferes with disinfection efficiency,
thereby potentially protecting the adsorbed organisms.

In practice, water with less than 5 NTU is more readily disinfected than water
having more than 5 NTU, and for most microorganisms water with a turbidity
ievel lecs than or equal to 1 NTU may even be more readily disinfected than
water with tarbidity of 5 NTUJ, depending on the composition of the turbidity
(i.e., organic or inorganic). This is particularly true when turbidity is related to
chiorine demand.

Acceptability and attitude responses can be related to turbidity levels by use of
psychometric rating scales.

Detectable turbidity does not make the water undesirable to ali consumers.

To deveiop a recommended standard for turbidity, one additional assumption, not
based on the previous discussions, needs to be mude. '

Military levels of acceptability may not be equivalent to civilian levels of
acceptability because military populations may not be as sensitive as the general
pupulation.
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Based on this last assumption, the line between acceptance and rejection for the
military popualation is shifted from between rating statement 5 and 6 to between
statement 8 and 7 (Table 3). Table 4 indicatas that modifying the acceptance/rejection
borderline in the aforementioned manner increases the acceptability percentage for this
sxample by ap#mxlmately 13%. The example presented in Table 4 represenis the
responses of individuals from each conswner population to water contairing turbidity,
color, and odor as specified by drinking water standards of the U.S. Eavironmental
Protection Agmcy.7’26 Frequency listributions of responses to other combinations of
turbidity, color, and odor were not presented by Harris. Therefore, we assume that the
15% difference in acceptance we obtained from modifying the accuptance/rejection
borderline in Table 4 is applicable to frequency distributions of responses to all other
combinations of turbidity, color, and odor. As previously discussed, when the borderline is
between statement 5 and 6, the acceptability percentage is 73% (44 of 80); however,
moving the borderline to lie between statements 6 and 7 increases the acceptability
percentage to 88% (53 of 60).

By adjusting the general-population curve given in Fig. 2 by 15%, we derive the
relationship between the turbidity and acceptance by military personnel as shown in
Fig. 3. Figure 3 indicates that at a turbidity level of 8 TU (color = 50 color units and
threshold odor number = 3), approximately 64% of the military population would accept
the water, whereas 36% would reject it. At a turbidity level of 1 TU (color = 50 color
units and threshold odor number = 3), approximately 69% of the military population would
accept the water, whereas 31% would reject it. Review of these values indicates that
reducing turbidity from 5 TU to 1 TU resuits in a 5% increase in acceptability. This
increase is small because the turbidity value is small to begin with, even though a unit

" change in turbidity would introduce the greatest change in acceptability because its

multiple regression coefficient is the largest.

Finally, review of Fig. 3 indicates that at a turbidity value of zero units
(color = 50 color units and threshold odor number = 3), approximately 70% of the military
population would accept the water, whereas 30% would reject it. These results, along with
those previously mentioned, imply that between 30 to 36% of the troops would refuse to
drink the water at low levels of turbidity. Thus, in certain situations (e.g., desert
environments), these troops could become susceptible to dehydration, which could result in
performance-degrading effects. Note that for a reduction from 5 to 1 TU, when color is
fixed at 50 color units and the threshold odor number is fixed at 3, (i.e., considered
acceptable to most consumers according to the U.S. Environmental Protection Agancyzs).
the rejection level decreases by 5%. Consequently, at a turbidity level of 1 TU
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Figure 3. Comparison between military and general populations rating water acceptable

based on turbidity.
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(color = 80 color units ¢nd threshold odor number = 3), a rejection level of 31% remains,
which is controlled b several factors. These factors include levels of background
rejection (i.e., rejecticn at color = 0 color units, turbidity = 0 TU, and threshold odor
numher = 0), implementation of mandatory water-consumption regulations, and
modification of the colcr variable that has the next larger coefficient in Eq. 1. Relative
to background levels (color = 0 color units, turbidity « 0 TU, and threshold odor
number = 0), the rejection lavel for the general population was 14% (i.e., 100 - 86) = 14).
If this level is adjusted to represent the military population, it is reduced to 1.1% [i.e.,
100 -~ (86)(1.15) = 1.1]. Therefors, when color is fixed at 50 color units, turbidity is 1 TU,
and the threshold odor number is fixed at 3, a major part of the remaining rejection level
of approximately 30% is controlled by the coler variable. Furthermore, if turbidity is
1 NTU and color and odor are absent or are at lavels that cannot be perceived, then about
98% of the exposed military population will find the water to be organoieptically
acceptable (see Fig. 3).

Analysis of the color variable is discussed in the color section of this report.
Implementation of mandatory consumption regulations may reduce the rejection level;
however, data do not exist to evaluate this factor.

RECOMMENDATIONS FOR TURBIDITY STANDARDS

The evidence related to the health effects of turbidity is generally anecdotal and
tenuous. In this regard, the impact of turbidity on the efficiency of chlorination appears
to be more a function of the chlorine demand of the turbidity than the NTU value and the
nature of the particles should be considered. Turbidity is accepted primarily as an
aesthetic standard; the military-acceptability curve indicates that a significant

~ percentage of the population would reject the water at the present standard. However,

this rejection appears to be due to the color standard and not to the turbidity standard.
Therefore, the existing long-term standard of 5 TU appears to be reasonable. In fact, the
proposed Surface Water Treatment Rule of the U.S. Environmental Protection Agency,
published in the Federal Register on November 3, 1987,27 basically would allow a surface
drinking-water source to go unfiltered if it could be demonstrated that the turbidity of the
water prior to disinfection does not exceed 5 NTU; however, brief periods of turbidity
above 5§ NTU may even be allowed because of unusual conditions.

Although the 5§ NTU limit may be acceptable for domestic water supplies, we
recommend a turbidity level of 1 NTU as the field-water-quality standard for military
populations. One reason for this recommendation is that the types of infectious
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microorganisms in developing countries that can cause performance-degrading health
effects in military populations can differ from those likely to occur in natural waters in
the United States or other developed countries. Consequently, natural immunities to such
microorganisms will not have had time to develop in a newly oxposed military population
and such microorganisms may represant a greater risk to military performance than those
encountered in the developed countries. Thus, there is an increased need to raduce
turbidity levels to ensure that disinfection of the microorgeniams is effective.
Futhermore, even though a turbidity level of 1 NTU in unfiltered drinking water does not
guarantee that water coantaining the cysts of Giardia and Cryptosporidium can be
disinfected, turbidity at levels equal to or less than 1 NTU will improve the efficiency of
disinfection for most other infectious microorganisms. In fact, cysts of Giardia and
Cryptogporidium may be removed only by filtering water to turbidity levels less than or
equal to 0.1 N’l‘U.z'l’25 but the effectiveness of such turbidity removal followed by
disinfection or as a surrogate for disinfection should be verified. Another consideration in
the adoption of a 1 NTU limit is that it would minimize the number of military personnel
that would refuse to drink water because of the presence of noticeable turbidity and
thereby reduce the likelihood of their becoming dehydrated--especially in hot, arid
environments.

COLOR

Color in water may result from the presence of natural metallic ions (iron and
manganese), humus and peat materials, plankton, weeds, and industriai wa:stes.2 The term
"true color,” in water-treatment practice, means the color of water remaining after the
turbidity has been removed. The term "apparent color” includes color resulting from
substances in solution as well as suspended materials. The color of water with low
turbidity is basically the same as that of clear water.3 The colcr standards that are
currently applied tc military water supplies are presented in Table 5.

ANALYTICAL METHCDS

Several methods to measure color are presently used by operators of municipal
water-treatment facilities. These inethods include visual comparison, spectrophotometry,
and tristimulus filter. All three methods and the applicable apparatus and procedures are
discussed in detail in Stapdard Metlmggg.z Our summary of these methods follows, along
with a brief description of the technique currently used by the U.S. Army. A

2-18




| .
e o Volume 4, Pt. 1

Table 5. Color standards currently applied to U.S. military water supplies,

Water source Short term Long term
Fiold supplies -- 50 units®
Fixed installations 15b -

2 From U.S. Army.

b Cormspondg to 1962 drinking-water standard for color established by U.S. Public
Health Service.

As described in W,z color is determined by visual comparison of the
water sample against known values of color in previously standardized solutions. This
comparison may also be made with special, properly calibrated, colored glass disks. The
unit of color considered as a standard is the color produced by the platinum-cobalt method
of measuring (one color unit = 1 mg/L of platinum in water). The results, however, are
expressed as units of color, and not mg/L.

The platinum-cobalt standard method is not convenient to use in the field. Standard
Methods2 describes a procedure for comparing glass disks calibrated to correspond to
colors on the platinum scale; the disks are used in standard field practice for color
determinations.

In the spectrophotometric method, the color of a filtered sample is expressed in
terms that describe the sensation realized when viewing the sample.2 The hue (red, green,
yellow, etc.) is designated by the term "dominant wavelength," the degree of brightness by
"luminance,” and the saturation (pale, pastel, etc.) by "purity."2 These values are
determined from the light-transmission characteristics of a filtered water sample by
means of a spectrophotomaeter. .

In the tristimulus-filter method, three special light filters are combined with a
specific light source and photoelectric cell in a filter photometer to obtain color
measurements. As described in Standard Methods,2 the percentage of tristimulus light
transmitted by the solution is determined for each of the filters; then these valuves are
converted to trichromatic coefficients and color characteristics.

In all the methods, turbidity interferes with the measurement of true color.
. Therefore, turbidity should be removed (e.g., by filtrationj to assure accurate

measurement of color. Otherwise, color should be reported as "apparent” color.2
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The U.S. Army currently employs a color comparison method? similar to the one
described in Standerd Mathods®; it uses properly calibrated, colored glass disks. In this
procedurs, circular disks containing calibrated shades of glass are inserted into a color
comparator along with the sample. The disk is then rotated until the color of the disk
matches the color of the sample; the number assigned to the calibrated glass is recorded
as the color-unit value for the sample.

HEALTH EFFECTS

We reviswed the literature to determine whether a relationship between disease and
color in water could bu documented. Such a relationship could not be substantiated. In
general, color is aesthetically \ndesirable; also, it may dull clothes, or stain food and
fixtures. Additionally, sn indirect association is implied based upon knowledge that color
may be related to naturally occurring organic compounds that react with chlorine,
sometimes producing halogenated organic compounds that could be carcinogenic. From
the standpoint of aesthetics, the Harris data.1 previously discussed in the turbidity
section, provide relevant information that can be used to estimate the acceptability of
drinking water affected by color.

To evaluate changes in acceptability associated with changes in color, the turbidity
and odor values in Eq. 1 were set at a constant value of 5 TU and a threshold ndor number
of 3. These values are consistent with the military's existing turbidity sta\ndax‘d5 and the
1962 public-health odor standard.6 As a result, we developed a two-dimensional plot of
the percentage of the general porulation that would accept water on the basis of its color
content (Fig. 4). At 15 color units, which is the 1962 standard established by the U.S.
Public ‘Health Service, the percentage of the general population rating the water
acceptable is approximately 73%. This means that approximately 27% of the general
population indicated that they "didn't think they could accept the water as their everyday
drinking water" (Table 3).

DEVELOPMENT OF RECOMMENDATIONS FOR STANDARDS

To develop a recommended standard for color, we make the following assumptions
based on the previous discussion.

. ¢ Color is a nonspecific water-quality parameter.
o It is impossible to state that a given color value will have any impact on health.
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Figure 4. Percentage of general population rating water acceptable on basis of color,
when turbidity is fixad at 5 TU and threshold odor number is fixed at 3.

2-21

Volume 4, bt. 1

. . i
At T e




Volume 4, Pt.vi S

e Color is generally accepted as an aesthetic standard.

e Acceptability and attitude responses can be equated to color levels, using
psychometrir; rating scales.

e Detectable color does not make the water undesirable to all consumers.

One additional assumnption, not based on the previous discussion, is made to develop a
standard for color.

o Military levels of acceptability may not be equivalent to civilian levels of
acceptability because military populations may not be as sensitive as the general
population.

Based on this assumption, the borderline between acceptance and rejection for the
general population is shifted from between rating statement 5 and 6 to between
statement 6 and 7 (Table 3), representing the military population. Harris's da\ta1
concerning the frequency distribution of respondent action-tendency ratings for color,
turbidity, and odor in water (Table 4) indicate that this adjustment modifies the
acceptability percentage by approximately 15%. Adjusting the general-population-
acceptance curve by 15%, in accordance with the assumptions previously explained in the
turbidity section of this report, results in the military-population-acceptance curve shown
in Fig. 5. Figure 5 indicates that at the present military color standard of 50 color units,
approximately 64% of the military popuiation would accept the water and 36% would
reject it. Therefore, these figures imply that those troops refusing to drink the water may
suffer from dehydration and subsequent degradation of performance. If the color standard
were set at 15 units, approximately 84% of the military population would accept the water
and 16% would reject it. A reduction in the rejection level of 20% is achieved by setting
the color standard at a more stringent level. Furthermore, the level of rejection will be
even lower if turbidity is orly 1 NTU, the level recommended as the standard for field
water. Note that the 16% military rejection level represents rejection at color, turbidity,
and odor values of 15, 5, and 3, respectively, the existing drinking-water standards
established by the U.S. Envircninental Protection Agency for the general population.7'26
Furthermore, because the color of water does not pose any direct health risk, color levels
of 50 color units and 15 color units for short- (¢ 7-d) and long-term (¢ 1-y) exposure to
field water, respectively, can be considered safe. With regard to aesthetic responses to
color in water, the U.S. Environmental Protection Agency indicates that many individuals
in the general population wouid not detect a color level of 3 color units and would be more
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provoked to complain about the color level if it underwent rapid changes periodically than
if it remained relatively high.26 Althougk the difference in perception between 3 and 50

.and between 3 and 15 color units probably is significant for most individuals, military

personnel consuming field waters should not be regarded as having the same sensitivity to
color as do civilian populations. More importantly, under the circumstances of mandatory
water-consumption to support labor or combat in a hot, arid environment, and in the
absence of any color-related health risks, water containing 15 and 50 color units for loag
and short periods of exposure, respectively, should be tolerable to military
personne! --especially if they are properly trained.

RECOMMENDATIONS FOR COLOR STANDARDS

In summary, there is no evidence that a relationship exists between human health
and the color in water. Color is accepted generally as an aesthetic standard, and it can be
related to the population's acceptance of drinking water. Relative to acceptability, the
military-acceptance curve indicates that a significant percentage of the population would
reject the water at the present military color standard of 50 color units. Modificatioen of
the color standard to 15 color units significantly reduces the level of rejection. However,
for short-term exposure periods (< 7 d) we recommend a color level of 50 color units and
for long-tarm expusure (< 1 y! we recommend a color level of 15 color units because, in
the abseace of any weter-related heaith risks, such color levels can be considered safe and
tolerable.
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APPENDIX A
TABULATION OF POPULATION ACCEPTABILITY PERCENTAGES

Table A-1 in this appendix is our tabulation of population-acceptability percentages
for water for all combinations of turbidity, color, and odor values that were plotted by
Harris in five chaxis.’ Only 100 of the 125 combinations of turbidity, color, and cdor were
available in Harris's paper. The combinations for zero and 15 color units were grouped
and analyzed together by Harris. For our calculations, we assigned the zero and
15 color-unit group a value of 10 color units. From these data we derived the foliowing
multiple-regrassion equation (the derivation of the equation is containad in Appendix B)
for predicting the percent of the population that will rate water acceptable, given specific
color, turbidity, and odor values.

A = 86 - 0.5(C) - 1(T) - 0.1(S), (A-1)

where
A - percentage of population rating water acceptable,
C = color units,
T = turbidity units, and
S = threshold odor number (TON).
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Table A-1. General population ﬁsceptabimy percentages for water for all combinations of
turbidity, color, and odor values.&

Threshold PFopulation Threshold Population
Color Turbidity odor acceptability Color  Turbidity odor acceptability
unit unit number (%) unit unit number (%)
10 0 | 95 30 0 50 85
10 0 3 92 30 0 200 54 .
10 0 12 86 30 5 1 75 ,
10 0 50 82 30 5 3 80 ‘
10 0 200 74 30 5 12 74
10 5 i 85 30 § 5C 67 ‘
10 5 3 65 30 5 200 68 |
10 5 12 84 30 10 1 54
10 5 50 69 30 10 3 54
10 5 200 53 30 - 10 12 58
10 10 1 73 30 10 50 58
10 10 3 78 30 10 200 58
10 10 12 57 30 20 1 36
10 10 50 58 30 20 3 37
10 10 200 50 30 20 12 31
10 20 1 64 30 20 50 40
10 20 3 46 30 20 200 40
10 20 12 51 30 40 1 32
10 20 50 38 30 40 3 36
10 20 200 42 30 40 12 18
10 40 1 41 30 40 " 50 30
10 40 3 41 30 40 200 17
10 40 12 33 50 0 1 64
10 40 50 32 50 0 3 60
10 10 200 27 50 G 12 58 |
30 0 1 92 50 0 50 49 i
30 0 3 84 50 0 200 31
30 0 12 75 50 5 1 62 ’
| o
§
L
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Table A-~1. (Contwinued)

Threshold Population Threshcld Population

Color Turbidity  odor acceptability Color  Turbidity odor  acceptability
unit unit number (%) unit unit number (%)
50 5 3 48 70 0 50 40
50 5 12 53 70 0 200 27
- 50 5 §0 32 70 5 1 33
“ 50 b 200 23 70 5 3 37
N §0 10 1 30 70 § 12 K]
50 10 3 a3 70 5 50 48
i; 50 10 1 60 70 5 200 20
: £0 10 50 27 70 10 1 43
50 10 200 22 7Q 10 3 52
50 20 1 25 70 10 12 41
50 2N 3 49 70 10 50 22
50 20 12 39 70 10 200 27
80 20 50 23 70 20 1 22
50 20 200 20 70 20 : 3 25
50 40 1 30 70 20 12 42
50 40 3 22 70 20 50 . 35
50 40 12 6 70 20 200 10
50 40 50 14 7Q 40 1 27
50 40 200 8 70 40 3 14
70 0 1 53 70 40 12 19
70 0 3 66 70 40 50 13
70 0 12 53 7 40 200 {0

3 Tabulated from Harris s data. 1

b The zero and 15 color-value groups in Harris'sl data ware rombmed for our calculations
into one group with a value of 10 color units.

i
o
z
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APPENDIX B

DERIVATION OF MULTIPLE-REGRESSION EQUATION FOR COMPUTING
POPULATION ACCEPTABILITY PERCENTAGE FOR ALL COMBINATIONS OF
TURBIDITY, COLOR, AND ODOR IN DRINKING WATER

A multiple-regression equaticn of the form . }
b + b X, bkxk (B~1)

was fit to the data shown in Table A-1 (Appendix A) tc describe the joint relationship of
population-acceptability percentage to turbidity, color, and odor in drinking water. The
coefficients bk in Eq. B-1 are calculated to fumish the minimum sum of squares of
differences between the dependent y variable and the linear combination of x variables.
The solution for the coefficients was obtained using the following set of mathematical

expressions:
30y ) = by 3K, 9% 4 byBX, (X, )+ by(Ky (X ) (B-2a)
X(‘Cz Y=b X(X1 X, J+ bZZ(X ) + l:-:’X(X2 iX3, ;) and (B-2b)
2(XB 1Y ) = bix(xl i3, x) * bzz(xz i3, 1) * bBZ(XS 1) ! . (B~20) |
where
X ni (% i X n) where x , is the arithmetic mean for all 100 X i values, and

n = either 1, 2, or 3;
i = integer between 1 and 100;

<
1

()_'i -y), and y is the arithmetic mean for all 100 ’ili values; and

y, - population acceptability (%);
X, ; = color-unit value; . 1
X, ; = turbidity-unit value; and
X3 = threshold odor number (TON) value -

as derived from Harris's datal in Table A-1 (Appendix A).
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The calculations used to sclve Eqs. B-2u, B-2b, and B~2c ‘ara as follows:

P

2Ky 1Y) = E(xy 4 = %)) (yy = ¥) = ~25,440;
I(Xp 1Y) = 1y § -~ %,) (y; = ¥) = ~20,690:
IXg (Y] = 10y ; - X4) (y; ~ ¥) = -48,869;
}:(xl'i)2 - S0k ; - %) = 60,000;

X(Xz.iiz - ):(xz'i - :t:z)2 = 20,000;

30, 7 = Bk ; - Xy)? = 670,086;

IX 1,i 2 i Z(Xl i~ %) ("z,i = Xy) = 0;
z(xl i3, x) z(xl i 1) ("s,i - XS) = 0; and
Xy jXg ) = 20xy - %y} (Xq 5 = X3) =
Therefore, the three‘equations used to determine the coefficients bl, bz, and b3 are
~25,440 = b1 {50,000) + l:)2 0) + b3 (o),
-20,590 = bl @ + b2 (20,000} + b3 (0), and

-48,869 = b1 (0) + b2 (0) + b3 (570,056).
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The solutions to equations B-2a, B-2b, and B-2¢ yield, respectively:
b, = -0.5088, .
b, = -1.0205, and
b3 = -0.08587.

Now, we substitute the above values for bl' bz' and b3 and the values for y and Xy Xy and

Xq into the regression formula:
Y = by + byx; + byx, + baxy (B-3)
where
Zyi _
Y =10 - 45.89;
X,
- -‘-—1"“! - M
X3 =00 "0
Ix, .
2,1
- ==L L 15
Ixg s
3
X3 ~ 10 -5

and solve for by:

bo = 86.24.

Consequently, the multiple-regression equation for determining the population-
acceptability percentage (y) for drinking water containing any combination of color (x,), : .
turbidity (xz), or odor (xs) can be expressed as

y =86 -0.5 (xl) -1 (x2) - 0.1 (x3). or equivalently, (B-4)

A = 86 - 0.5(C) -~ 1(T) - 0.1(S), which is Eq. A-1 in Appendix A.
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CHAPTER 3. TOTAL DISSOLVED SOLIDS

]. I. Daniels* and D. W. Layton*

ABSTRACT

The principal objective of this chapter is to recornmend drinking-water standards for
total dissolved solids (TDS) in military field-water supplies. In support of this goal we
describe the typical properties and concentrations of TDS in natural waters, and we review
the evidence for potential health consequences for troops exposed to water containing high
concentrations of TDS,

After assessing health-effects literature, we concluded that high TDS concentrations
are not clearly linked with specific health effects; however, high TDS concentrations in

water will make the taste of the water objectionable to many individuals, causing them to’

reject it. In some situations, these individuals could become susceptible to dehydration,
which could lead to performance-degrading effects.

We use a methodology from the literature to estimate the proportion of field
personnel that would refuse to drink water based on its TDS content. We then develop
recommendations for TDS standards for military field-water supplies based on this
computational procedure. According to our calculations, consideration should be given to
lowering the present military field-water-quality standard for TDS from 1500 mg/L to
1000 mg/L. This reduction would reduce the percentage of the military population that
might refuse to drink the water from approximately 7% for a 1500-mg/L TDS standard to
- about 2% for the 1000-mg/L TDS standard. Additionally, the 2% figure probably could be
lowered even more if proper water-consumption discipline were enforced. A 1000-mg/L
TDS standard should also reduce the incidence of laxative effects from elevated TDS
among the military population consuming the water and possibly accelerate the adaptation
process for those individuals accustomed to the taste of water with lower TDS.

* Environmental Sciences Division, Lawrence Livermore National Laboratory, University
of California, Livermore, CA 94550,
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INTRODUCTION

The total dissolved solids (TDS) content of water affects its taste and therefore its
acceptability for consumption. In the first part of this chapter, we describe
cencentrations of TDS in natural waters, methods of measuring TDS, and potential health
effects related to TDS. We then discuss a procedure for calculating drinking-water
standards for TDS in military field water. Using the procedure just mentioned, we derive
recommendations for TDS standards and discuss the uncertainties associated with our
recommendations.

GENERAL PROPERTIES

Mineral salts and small amounts of other inorganic and organic substances constitute
the filterable residue content of water (i.e., the material that will pass through a standard
glass-fiber filter disk). The concentration of filterable residue is commonly expressed as
milligrams per liter (mg/L) of TDS.I’2 Typically, the ions of the mineral salts are the
predominant constituents of the dissolved material; consequently, TDS generally refers to
salinity. 3 The principal cations constituting TDS are calcium (Ca*z), magnesium (Mg*z),
potassium (K ), and sodium (Na* ), the chief anions are bicarbonate (HCOS), carbonate
(CO ), chloride (C17), sulfate (SO ), and in ground waters, mitrate (NO )

The dissolved substances that constitute TDS are encountered in all natural waters,
and they enter the water from natural as well as anthropogenic processes. Aithough TDS
are ubiquitous in nature, neither the TDS content nor the ratio of the TDS concentration
to the concentration of each individual ion constituting TDS is constant fcr all water. The
relative proportions of TDS constituents in natural waters are a function of geochemical
processes (e.g., weathering) acting on local geclogical strata.? In fact, this relationship
between local geology and the chemical constituents of natural waters explains why
frequently only the TDS concentration is used as a convenient basis for dividing natural
waters into four general categories: fresh, brackish, saline, or brine. Table 1 shows the
separation of natural waters into the four general categories and the TDS concentration
that corresponds to each category.

The TDS concentration of drinking water commonly ranges from levels below
500 mg/L to amounts exceeding 2000 mg/L. Seawater is considered to be the typical
worst-case challenge for military water-purification equipment because of its high TDS
concentration (~35,000 mg/L), and because it is an important source of water for
desalination equipment used to support military operations.
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Table 1. General categories of natural waters based on TDS concentration.’
Category TDS (mg/L)
Fresh water . <1000

Brackish water 1000 to > 20,000
Saline water >35,000

Brine ' >>35,000 {e.g., 100,000)

APPLICABLE DETECTION METHODS

The concentration of TDS in natural waters can be measured directly or estimated
from measurementsg of individual constituents. One method for estimating TDS involves
measuring alkalinity (CO;2%, HCO;, OH’), sulfate (SO;2), and chloride (CI7)
concentrations, using standard U.S. Army procedures, and then inserting these
measurements into the following equation.5

TDS=A+1.4S+16C , (1)

where ‘
TDS = total dissolved solids, mg/L;
A = alkalinity, mg/L;
S = sulfate conceatration, mg/L;
C = chloride concentration, mg/L.

The TDS concentration can alse e estimated faster and more conveniently by measuring
the electrical conductivity of a water sample, using a conductivity me'ter.3 The TDS
concentration is tnen approximated by nautiplying the measured electrical conductivity by
an apprepriate conversion factor related to the expected ionic composition and the
temperature of the measured water. For mest natural waters, the conversion factor
ranges from 0.55 to 0.90.2 This technique is availabie to U.S. Army personnel.ﬁ One other
method involves weighing the total fi'terable residue that remains after evaporation of a
known quantity of water and drying to a constant weight at 180°C. >4
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HEALTH EFFECTS

Ingestion of water coniaining a high TDS concentration may produce an osmotic
pressure in the intestinal tract that is high enough to prevent absorption of water through
the intestinal wall; the large volume of fluid retained in the intestine increases the
motility of the smooth muscle lining the intestinal wall, and this increased contractile
activity helps to flush the large intestine, thereby producing a laxative effect.”'d

An additional explanation for the laxative effects of elevated TDS levels is the
action of specific ions.? For example, research shows that dramatic increases in laxative
effects for TDS levels exceeding 1600 mg/Ll'm'11 may actually have resulted from
uncontrolled confounding factors such as the effects of Mg+2 and 80;2, or to biological
contamination, and not necessarily from the collective effect of all constituents of TDS.

The primary problem with a high TDS concentration is its effect on taste. As the
TDS content of a water increases, its taste becomes increasingly worse, 14113 One
consequence of bad water taste is decreased consumption.“ In some situations, where
large volumes of water must be consumed to replace sweat losses, decreased consumption
caused by poor water taste could make some individuais susceptible to dehydration. The
actual debilitating effects of dehydration, described by Adolph et gl..ls progress in the
folldwing sequence.

¢ Discomfort

¢  Weariness

*  Muscle weakness

e Apathy

¢ Impaired coordination
e  Delirium

* Haeat stroke

Additionally, Walker et g.m state that intense thirst is experienced over the first 2 d of
water deprivation; weakness and confusion occur during the 3rd day of abstention; and
death results within approximately 10 d when 15% of the body weight is iost in sweat and
respiration. In this context military field water should have levels of dissolved solids that
are not likely to cause rejection; otherwise, dehydration and heat prostrativn may occur.
We conclude that TDS is a useful water-quality measursment for two important
reasons. First, it is an indicator of the taste of water, and poor water taste is a basis for
refusal to drink water. Consequently, the debilitating effects of dehydration may
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follow. Second, the measurement of TDS is essential for monitoring the effectiveness of
water-purification equipment (e.g., a reverse osmosis water purification unit) designed tq
desalinate high TDS waters so that such waters can be consumed by military personnel.

DEVELOPMENT OF RECOMMENDATIONS FOR STANDARDS

The United States Public Health Service (USPHS) has recommended a TDS standard
of 500 mg/L.10 This TDS concentration has also been established as a reasonable goal for
drinking-water quality by the U.S. Environmental Protection Agency (U.S. EPA).13
According to Bruvold'’ and Bruvold and Ongerth.12 no scientific justification exists for
the TDS standard set by the USPHS. Consequently, no scientific basis is apparent for the
reasonable goal for TDS established by the U.S. EPA. For example, many public
drinking-water supplies in the United States have TDS concentrations exceeding
2000 mg/L, and, apparently, an acclimated population can tolerate this concentration

10,1213 15 fact, no evidence exists that unacclimated individuals

without any ill effects.
ever reported health consequences voluntarily to public health authorities after consuming
such waters. Moreover, the current U.S. Army standard for TDS is 1500 mg/L,18 and this
standard cannot be subhstantiated scientifically. Therefore, a more quantitative approach
is needed for developing recommendations for TDS standards for the U.S. Army, as well as
for civilian populations. .

The procedure we adopted for this purpose employs the technique and data of
Bruvold and 0ngerth.12 This technique defines a quantitative relationship between the
mineral content of water (TDS), the general taste quality of water, and the intention .of an
individual to drink the water. By this method, the proportior of a population rejecting
water (and hence susceptible to dehydration) as a consequence of the TDS concentration

can be estimated and standards can be developed accordingly.
METHODOLOGY

The Bruvold and Ongerth12 approach was based on the use of taste panels to assess
the general taste quality of natural waters by psychometric scaling methods. Two
psychometric rating scales, a quality scale (Q) and an action-tendency (AT) scale, were an
integral part of this approach. An explanation of the derivation and aprlication of these
scales follows.
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Derivation of Q and AT Psychometric Rating Scales

h12 were

The Q and AT rating scales and scale values used by Bruvold and Ongert
developed by Bruvoldrg in an earlier study. Bruvold constructed them according to the
method of equal-appearing intervals described by Edwards, 20 Accordingly, 53 adult
subjects were instructed to place each of 34 Q and then 18 AT statements into one of 11
nrumerically idsntified categories. The 34 Q statements described the taste of water (e.g.,
"This weter has an excellent taste"}, and the 18 AT statements referred to the behavioral
response of the individual concerning actual consumpticn of the water (e.g., "I could never
drink this water"). The 11 categories into which the statements we.e to be placed
reprecented an 11-interval psychological continuum describing degrees of unfavorableness
or favorableness for each subject. For example, the subjects were told that degrees of
unfavorabieness decrease from the 1si to the 5th category; the 6th category is considered
neutral, and the degrees of favorableness increase from the 7th to the 11th category. The
judgments of three subjects were rejected because these subjects did not divide the
statements into the 11 categories in the prescribed m.amner.19

Once all of the subjects separated the 34 Q statements and then the 18 AT
statements into each of the 11 categories, and the judgments of the three previously
mentioned subjects were discarczd, scale values were derived for each of the statements.
The median of the distribution of the 50 judgments obtained for each statemsnt on the
11-interval psychological continuum was used as the scale velue for that staiement. The
median or scale value for each statement was det2rmined from a mathematical equation
or directly from a graph of the relationship between the cumulative proportions of
judgments and the 11-interval psychological continuum into which the statement was
distributed by each of the 50 subjects.20

To construct Q and AT rating scales with equal-appearing intervals between scale
values, and thereby to reduce the number of statements, the interquartile range was
determrined first for each statement. This value represented the spread or variation of the
middle 50% of the judgments (i.e., the number of intervals between the 25th and 75th
percentiles) for a particular statement on the 11-interval continuum. A large
interquartile range measurement meant a statement was ambiguous and should be removad
from the scale. Additionally, the interquartile range value was used for chocsing between
two or more statements with equal scale values but unequal interquartile ranges. The
interquertile range value for each statement was determined mathematically or
graphically in ways siinilar to those used for determining scale values. 20 1y summary,
Bruvold19 used both scale and interquartile range values as the criteria for constructing
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the Q and AT psychometric rating scales from the original 34 Q and 18 AT statemants.
The resulting scales were thereby reduced to nine statements with nearly equal distances
between scule values and a relatively small interquartile range associated with each

statement. 19

Application of Q and AT Psychometric Rating Scales

The Q and AT rating scal 18, which were constructed by Bmvold.19 wersa applied by
Bruvold and Ongerth12 using the following procedure. A taste panel of 20 adults (13 male
and 7 female) was asked to use the two psychometric rating scales to evalvate the taste of
29 different natural waters from California. These natural waters contained TDS
concentrations ranging from about 50 to 2200 mg/L, levels that represent a typical range
for TDS concentration in natural waters. Water samples were presented at room
temperature to the taste panelist. According to results from earlier research, sample
temperatures between 40°F and 72°F had minimal systematic effect on ratingslz. The Q
scale consisted of the nine Q statements shown in Table 2, which describe the taste of
water in qualitative terms. The AT scale contained the nine AT statements shown in
Table 3, which refer to the behavioral response of the individual concerning the actual
consumption of the water. The 20 taste-panel members were instructed to score natural
water samples on both Q and AT rating scales using the scale values associated with each
statement that best described their judgment. The mean Q and AT scores were then
calculated for each natural water sample from the 20 scores that were recorded.

To evaluate the relationship between the mean Q and AT scores and the TDS
concentration corresponding to these mean scores, Bruvold and Ongerth12 plotted the data
and used linear regression analysis to calculate the lines of best fit through each set of
data points. This analysis revealed that an inverse linear reiationship exists tetween
taste-quality scores and TDS concentration and between behavioral intention scores and
TDS concentration. By assuming a normal distribution around each line of best fit and a
constant standard error of astimation for each scale, Bruvecld and C)ngerth12 showed that
the regression equations and the corresponding standard errors of estimatinn, in
combination 1;'th z-score equations, could be used to estimate the proportion of people
rating water > or below a <ertain value on the Q or AT rating scale. Thus, this procedure
could be used to estimate the perceniage of a population that would rate a water
unaccepiable on the basis of taste and, consequently, TDS content. Therefore, the TDS
standards recommended for military fieid-water supplies could be expressed quantitatively
in terms of the acceptable proportion of troops that would rate the water at a specific
level of unacceptability on the Q or AT rating scale.

3-7
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Table 2. Quality (Q) scale for describing the taste of water. 12
Median scale

Statement value
This water has an excellent taste. 10.67
This water has a very good taste. 9.79
This water has a good taste. 8.45
This water has a slightly good taste. 7.18
This waier has a neutral taste. 6.00
This water has a slightly bad taste. 4.61

Boundary scale value for military unacceptability 3.788

This water has a bad taste. 2.95
This water has a very bad taste 2.05
This water has a horrible taste. 1.16

4 Scale value representing the point where it is assumed that military personnel would
refuse to drink the water.

ACCEPTABILITY OF MILITARY FIELD-WATER SUPPLIES
BASED ON TDS CONCENTRATION

Actual calculation of the TDS standards for military field-water supplies, using the
Bruvold and Ongerth12 procedure, requires the following assumptions. First, the TDS
content of the 29 different natural waters used in the taste survey is assumed to represent
the range of TDS concentrations found in thc natural or purified waters that are
encountered typically by military personnel. Second, the taste panel of 20 adults is
assumed to have the same taste response as nilitary personnel. Third, ratings of the
general taste quality of water at or below 3.78 on the Q scale (the boundary scale value
for delineating the statement that, "This water has a bad taste")* and at or below 3.43 on
the AT scale (the boundary scale valuz for delineating the statement that, "I could not
accept this water as my everyday drinking water”) are assumed to be the critical scale

" Boundary scale values are used because the Q and AT scales are presumed to be
coniinuous. Therefore, the separation between adjacent statement categories is assurned
to be at the arithmetic mean scale value betwaen the two statements and not at the
meadian scale value for either statement. .

3-8
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Table 3. Action-tendency (AT) scale for describing a bshavioral response to the taste of

: water, 12

‘ \ . Mediun scale

> Statement value

[ would be very hapby to accept this water as my everyday drinking water 9.96

I would be happy to accept this water s my averyday drinking water 8.20

_ [ ain sure that I could accept this water as my everyday drinking water 8.07

* 1 could accept this water as my everyday drinking water. 7.38

Maybe I could accept this water as my everyday drinking water. 5.64

I don't think [ could accept this water as my evaryday drinking water. 4.21

Boundary 3cale value for military unacceptability 3.438

I could not accept this water as my everyday drinking water. 2.65

I could never drink this water. 1.27

I can't stand this water in my mouth and I could never drink it. 1.05

4 Scale value that represents the point where it is assumed that military personnel would
refuse to drink the water.

values. These values indicate the point where military personnel would be so dissatisfied
with a water supply that they would refuse to drink it or would substantially reduce their
water consumption, thereby becoming susceptible to dehydration (see Tables 2 and 3).
Finally, a normal distribution is assumed to exist around the lines best fitting the
relationship between TDS concentraticns and (Q and AT values derived by Bruvold and
Ong‘erth.12 and a constant standard error of estirnation is assumed for eack scale.

The relationship between TDS concentration and the percentage of the pepulation
rating water at or below a particular Q or AT scale rating can now be uxpressed
mathematically using the regression equations and standard errors of estimation in
combination with z-score equations. For example, the mean Q or AT rating can be
estimated for any water supply by measuring the TDS concentration and then inserting
that value into the applicable regression equation:

g b e
AT

*
Mg - 7.60 - 0.00213 [TDS] , (2)
)
M= 8.03 - 0.00163 (TDS] )
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where
= mean Q-scals rating;
] ~ concentration of total dissolved solids in the water supply; and
VAT = Mmean AT-scale rating.

The standerd error of estimation for the mean Q-scale rating (oQ) is 1.47; the standard
error of estimation for the mean AT-scale rating (o AT) is 1.46. According to these
equations, the mean Q- and AT-scale ratings for a water supply containing a TDS
concentration of 500 mg/L would be 6.54 and 7.22, respsctively. The mean Q-scale
rating (pQ) cf 6.54 indicates that 50% of the population wouid indicate that the "water has
a neutral taste" or worse, and 50% would indicate that the "watar has a slightly good
taste" or batter (see Table Z). The miesn AT-scale rating (v AT) of 7.22 indicates that 50%
of the population would rate the water acceptable for everyday consumption or better and
50% would rate the water as "maybe" they could accept it for sveryday consuinption or
worse (see Table 3). The mean Q-scale rating value and the mean AT-scale rating value
indicate the median response for a population because the regression equations describe
the lines of best fit for the data from the taste-panel study; as stated previously, a normal
distribution is assumed to exist around the lines of best fit.

The mean Q or AT value (u) can then be incorporated into 2 z-score equation, along
with the respective standard error of estimation (¢0) for the Q or AT scale, and the
respective scale value tha' represents the point on either scale at or below which it is
assumad that military personnal might refuse to drink the water (i.e., Q= 3.78 and
AT = 3.43). Thus, ths solution to the z-score equation is a standard normal deviate that
corresponds to the proportion of the population on each scale that wonld refuse to drink
the water based on its taste.

For example, the z-score equation is expressed as

2= X=-p (4)

where
Zy, - standerd normal deviate corresponding to a percentage of the population;
¥ = Q or AT rating corresponding to the scale value at or below which a certain
percentage of rnilitary persocnnel will score the water supply after tasting it
(e.g., xQ » 3.78 and x AT = 348 for the case where military personnel will refuse
to drink the water);
¥ = mean Q- or AT-scale rating calculated from Egs. 2 or 3, respectively; and
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c = standard error of estimation for Q- or AT-rating scale (i.e., aQ- 1.47 and
OAT » ], 46)‘

For a water supply containing a TDS concentration of 500 mg/L, the standard normal
deviates for the situation where military personnel will refuse to drink the water are
calculated to be -1.88 and -2.60 for the Q and AT scales, respectively. The percentage of
the population corresponding to each standard normal deviate is determined from a table
of values for the standard normal distritmtion.21 Based on the standard normal deviate
calculated from the mean Q value corresponding to a TDS concentration of 500 mg/L, the
percentage of the population that will complain about the bad taste of the water and
refuse to drink it (x~ =~ 3.78) is estimated to be about 3%. Based on the standard normal
deviate calculated from the mean AT rating value corresponding to a TDS concentration
of 500 mg/L, the percentage of the population that could not accept the water because of
its poor taste (x AT ® 3.43) is estimated to be approximately 0.5%.

The z-score equation can also be used to estimate the Q or AT value at or below

which a specified proportion of the population will rate a water. According to this
application of the z-score equation, when the water supply contains 500 mg/L of TDS and
the rating score for 10% of the population is of interest, then 2y, = -1.28 and x equals 4.66
for the Q value and x equals 5.36 for the AT value (see Tables 2 and 3 for closest
corresponding statements).

Calculations similar to those discussed previously were used to construct the graphs
in Figs. 1 and 2. Figures 1 and 2 show the relationship between TDS concentration and the
percentage of the military population rating water unacceptable on the Q (< 3.78) and
AT (< 3.43) rating scales, respectively, and therefore at risk of refusing to drink the water

" because of an objectionable taste produced by the TDS concentration. Both Figs. 1 and 2

JEORICTRE. 1+ 2 L4 A AL

could be used to calculate TDS standards, once a percentage of military personnel at risk
of dehydration has been defined. However, the fact that the slopes of the AT lines in
Fig. 2 are not as steep as the slopes of the Q lines in Fig. 1 suggests that people may
actually accept water that has a poor taste, as Bruvold and Ongerth12 indicated in their
paper. This means that the AT scale is the appropriate one to use for determining TDS
standards, although military personnel may complain about the taste of water even if they
do drink it. Thus, the AT lines in Figure 2 are best suited for estimating the proportion of
the military population that would refuse to drink the water and thereby become
susceptible to dehydration.
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Figure 1. Relationship between TDS concentration and percentage of military population
rating water unacceptable or. the quality (Q) rating scale (i.e., < 3.78, the boundary scale
value for defining military unacceptability). Extrapolated from analyses by Bruvold and

Orlgerth12 of taste-panel responses to California water supplies.
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Figure 2. Relationship butween TDS concentration and percentage of military population
rating water unacceptabie on the action-tendency (AT) scale (i.e., < 3.43, the boundary
scale value defining military unacceptability). Extrapolated from analyses by Bruvold and
Ornge:-th12 of taste-panel responses to California water supplies.
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RECOMMENDATIONS FOR STANDARDS

Table 4 displays a comparison between three TDS concentrations and the
corrasponding perceniages of military personnel that would refuse to drink the water
(AT<3.43) or complain of bad taste (Q<3.78). These three TDS concentrations represent
possible stendards for the TDS content of military field water. At the cucrent U.S, Army
field-water standard for TDS, which is 1500 mg/L, 6.9% of the military population would
consider the water unacceptable for consumption, although an estimated 34% of the
military population would complain that the water had a bad taste. Increasing the TDS
standard to 1800 mg/L means that the proportion of the military population that would
refuse to drink the water would increase to 13%, and approximately half of the exposed
military population would complain about the objectionable taste of such water. However,
if the TDS standaxd were reduced to 1000 mg/L, then only about 2% of the exposed
military population would be at risk of dehydration. Lowering the TDS standard to
1000 mg/L would also reduce complaints about taste to an estimated 12% of the exposed
military population. Of course, achieving TDS concentrations less than 1000 mg/L would
facilitate consumption of adequate amounts of water by military personnel, particularly
when military operations are conducted in arid regions.

A TDS standard of 1000 mg/L might serve two additional functions. First, this
standard should minimize the likelihcod of any dramatic increase in laxative effects
among the military population actually consuming the water. This is consistent with
evidence in the lite:ratm‘e.l'11 particularly in a paper by Moore,11 which suggests that
consumption of water with TDS levels exceeding 1000 mg/L might be directly responsible
for increased laxative effects. Second, those military personnel accustomed to drinking
from U.S. drinking-water supplies that serve major cities might be able to adapt more
quickly to a TDS level of 1000 mg/L rather than 1500 mg/L. This is because the majority
of U.S. drinking-water supplies serving major cities typically contain TDS levels of only
500 mg/L or less.22 According to the previous comparison, decreasing the present TDS
standard from 1500 mg/L to 1000 mg/L would reduce the percentage of troops at risk of
dehydration and would lower substantially the number of complaints about the taste of the
water. Furthermore, at a TDS standard of 1000 mg/L, the estimated percentage of troops
refusing to drink the water because of poor palatability is only about 2%, and it is not
unreasonable to assume that this percentage could be reduced significantly by strict
enforcement of a suitable water-consumption discipline. However, substantially lowering
the proportion of troops at risk of dehydration from levels at or above 5% probably could
not be accomplished easily by water-consumption discipline because the corresponding
large proportion of the population (> 26%) complaining about the bad taste would become a
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Table 4. Comparison between TDS conceritratiom considered as possible standards for
military field-water supplies, and corresponding proportions of military population
refusing to drink the water or compleining that it has a bad taste.

Propertion of military population (%)

Possible standard
for TDS in field Refusing to Complaining about
water (mg/L) drink water taste of water
1000 2.1 12
1500* 8.9 34
1800 13 50

8 Current standard for TDS applied to military field-water supplieei.18

factor. Therefore, the data indicate that consideration should be given to changing the
present TDS standard of 1506 mg/L to 1000 mg/L unless the U.S. Army is willing to accept
more than 5% of the troops at risk of dehydration and more than one third of the troops
complaining about bad taste. The possibility also exists that a drametic increase in

laxative effects could occur among those unacclimated troops actually consuming water

containing more than 1000 mg/L of TDS. Our recommendation for changing the TDS
standard remains applicable to both short-term (7-d) and long~term (1-y) exposure periods
because the primary direct effects of TDS concentration are instantaneous behavioral
responses based on taste, and this relationship remains constant for all periods of exposure.
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CHAPTER 4. CHLORIDE

]. L. Daniels* and D. W. Layton*

ABSTRACT

The purpose of this chapter is to recommend drinking-water standards for the
chloride anion (Cl") in military field-water supplies. In support of this goal we describe
the typical properties and concentrations of chloride in natural waters, and we review the
evidence for human health consequences for military personnel exposed to water with a
high chloride content.

The relationship between health effects and chlnride cuncuntrations in drinking-water
supplies is poorly documented. However, the available evidence suggests thet chloride will
give water an objectionable taste for many individuals at concentrations well below those
that cause laxative effects. Consequently, individvals that refuse to drink such
poor-tasting water are susceptible to dehydration in situations where large sweat losses
must be replaced by increased water intake.

Because chloride is a constituent of the total dissolved solids (TDS) content of water
(particularly field water that has been processed throvgh a reverse osmosis
water-purification unit (ROWPU)), and because both TDS and chloride cause an
objectionable taste, we convert the chloride concentration to a TDS content for the
water. Then, we estimate quantitatively the proportion of the military population that
will refuse to drink water, based on the TDS concentration. Using this computational
procedure, we then recommend chloride standards for military fisld-water supplies.
According to our calculations, the present field-water-quality standard for chloride,
600 mg/L for both short-term (7-d) and long-term (1-y) exposure periods, could be
retained because we estimate that only about 2% of the military population will refuse to
drink such water.

* Environmental Sciences Division, Lawrence Livermore National Laboratory, University
of California, Livermore, CA 94550.
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INTRODUCTION

Chloride occurs in natural waters in the form of the chloride anion (Cl™ ). The
importance of the chloride anion as a water-quality parameter for military field-water
} supplies is related to evidence that elevated concentrations of chloride can cause the taste
N of water to be objectionable, especially in combination with sodium cations, and may even
induce laxative effects upon ingestion. In this chapter we describe the general properties
of chloride in water, the concentrations of chloride that may be encountered in natural
waters, and methods of detection. We also review the potential health effects of chloride
as well as its taste properties. We then derive recommendations for standards for chloride
in field-water supplies. Finally, we identify the additional research appropriate for
resolving the principal uncertainties related to our recommendations.

¢ A
e e

GENERAL PROPERTIES

The chloride anion is a constituent of virtuaily all natural waters, and it contributes
to the total dissolved solids (TDS) content of these waters.1°3 Typically, brine and
seawater contain high TDS concentrations that are composed primarily of chloride anions
(~55% of TDS by weight) and sodium cations (~30% of TDS by weight). In comparison, the
TDS concentration in fresh water is much lower and the chloride anion constitutes a
smaller proportion of this TDS concentration (~10% or less of TDS by weight). Other
anions such as sulfate and bicarbonate are the predominant anionic constituents of TDS in
fresh water. Examples of chloride concentrations measured in natural waters are shown in
Table 1.

Sources of the chlori 2 anion in natural waters include (1) drainage from mineral
deposits; (2) seawater intrusion or the deposition of sea spray following transport by wind
and rain; (3) sewage contamination; (4) runoff from fields containing salts that were
introduced by agricultural practices; and (5) effluent from industri. ! projects such as oil
wells, petroleum refineries, galvanizing plants, water-softening facilities, and paper
works.3'9 Evaporite déposits (sedimentary rocks resulting from the evaporation of
seawater in an enclosed basin), including halite (NaCl), sylvite (KCIl), bischofite
(MgCl2 . 6H20). and camallite (KMgC13 . GHZO), are the predominant sources of chloride
for fresh waters, primarily because these salts are extremely soluble in water. !

The concentration of Cl™ in drinking waters can vary over a wide range (see
Table 1). For example, in the southwestern United States, particularly Arizona, the
chloride-ion concentration of drinking water has been reported to range from 6 to
1500 mg/ L.6
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Table 1. Chloride concentrations in naturai waters.

Ci- conc.

Water source (mg/L) Reference
Dezd Sea, Israel 280,000 4
Brine (292-ft well) in New Mexico 189,000 1
Great Salt Lake, Utah 143,500 5
Seawater® 4 19,400 (~556% by wt of TDS) 5
Rhine River: 5

Leaving Swiss Alps 1.1

Germeny/Holland border 178
U.S. drinking-water supplies:

Arizona 6 to 1500 N

Galveston, Texas 422 7
Spring and wells in Hawaii 950 to 1100

4 Seawater is the typical worst-case chloride challenge for military water-purification
equipment because of the large supply of ocean water available for desalination.

APPLICABLE DETECTION METHODS

Currently, the U.S. Army determincs the concentration of chloride in water by using -

petassium chromate to indicate the end point of silver nitrate titration of chloride. 10 The
chloride concentraticn is equated mathematically with the amount of silver nitrate
required to change the water color from a yellowish sbade to a reddish onr. This
tachnique is known as the argentometric method and is described in detail in the i5th
edition of Standard Methods for the Examination of Water and Wastewater.!! The
potentiometric method, which employs a pair of electrodes and a voltmeter to detect the
end point of titration of chloride by silver nitrate, is recornmended for chloride by the U.S.
Environmental Protection Agency12 for compliance with National Secondary Drinking
Water Standards. These meth.ds are accurate and precise enough to detect chloride
concentrations below 10 mg’L in the majority of natural waters. 11

More autnmated analytical equipment for measuring chloride concentration in field
waters may become available in tne fuiure for field use by the U.S. Army. For example,
the automated ferricyanide method tentativesy recommended for chloride detection in
Standard Metho&u may eventually baconie compatible with military field requirements
for accurate, precise, rugged, reliable, and miniaturized equipment. Alternativaly, an
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ion-specific electrode may be developed that would be suitable for military field
application. Such automated, rugged, reliable, and miniaturized equipment will improve
the military's field capability to detact quickly, accurately. precisely, and sfficiently the
chioride concentration in field waters.

PHARMACOKINETICS

The chloride anion (Cl7) is significant physiologically because it is essential for the
maintenance of fluid and electrolyte balance. and it is needeu for the formetion of
hydrochloric acid i the gastric jm‘ces.2 The absorption of chioride ions occurs
predominantly in the gastrointestinal tract in association with sodium uptaken13 Once
absorbed, the chloride is distributed primarily to extracellular fluids (e.g., plasma,
interstitial fluid, and secretions) and comprises 0.15% of body wenight.14 The quantity of
chloride ions excreted is directly coupled to sodium elirmnination; however, sodium
excretion is under hormonal contrel, and chloride ions passively follow sodium
movement.15 Normally, excretion of chloride parallels consumption and homeostasis is

achieved. 13-15

DIETARY REQUIREMENT

:hough the chloride anic~ is an essential dietary requi.rement.2 the minimum adult
requirement to sustain human life remains undetermined. In comparison, the estimated
safe and adequate daily dietary intake of cuioridw ranges hetween 1.7 and 5.1 g. These
values are supported by limited information and do not represent actual recommended
dietary allowances (RDA) such as those set for other recognized nu'crients.“5 However,
the normal human diet represents a rich scurce of chloride (as NaCl), and therefore it is
probably ingested in amounts that far exceed the minimum adult requirement.2 For
example, daily consumption of chloride-ions by adults is normally between 5 and 10 g; over
this range the quantity of chloride eliminsted each day will vary precisely with the amount
imgested.l‘l Navertheless, a low concentration of chloride in drinking water will probably
nut be responsible for adverse health effects if adequate rations are supplied.

HEALTH EFFECTS
Two different types of performance-degrading health effects are possible
consequences of an elevated concentratioa of chloride in drinking-water supplies. A

direct effect of the consuraption of water containing a large amount of chloride is
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laxation, At high concentrations, chloride also affects the taste of water. If the water
has an objectionable taste, some water consumers might reduce water intake, which in
some circumstances (e.g., desert conditions where large amounts of water are needed to
replaca sweat losses) could lead to dehydration.

For éoniplétanem we ncte that a recent study by Kurtz and Morris 7 suggests that
hypertension in humans may be related to the dietary intake of chloride in association with
sodium (i.e., NaCl). Military populations, however, would have to consume high levels of
NaCl in field-water supplies for periods longer than one year and have minimal sweat loss
during the sxposure period to experience any performance-degrading symptoms reiated to
hypertension. Consequently, we do not consider hypertension to Le a relevant
performance-degrading health effect upon which to base our recommendations for
military field-water standards for chloride. The military may want to consider
hypertension as a health-effect end point upon which to base future recommendations for
standards for fixed installations.

1

LAXATIVE EFFECTS

Laxative effects that result from the consumption of water containing an elevated
concentration of chloride appear to be associated with the process of osmoregulation of
fluids in the intestinal tract. For example, the presence of a high concentration of
chloride in the intestinal tract probably causes extracellular fluids to flow into the
intestinal tract osmotically. This osmotic effect increases both the fluid volume in the
large intestine and the motility of the smooth muscle lining the large intestine. Both
factors help to flush the large intestine and thereby cause diarrhtzia.15 Such laxative
~ffects may be elimirated in some cases if a period of physiological adjustment to
high~chleride water is permitted, or if water that contains a low concentration of TDS is
ingested soon after consumption of the high-chloride water.

The laxative properiies of elevated concentrations of chloride in drinking-water
supplies and the osmotic mechanisin that appears to be rr..uivi.5'» for (hese effects seem
to be cenfirmed by the following observations. First, Gosa reported that a single oral
dose of 0.5 L of water containing 7.4 g/L of NaCl (4.5 g/L of Cl7) can induce a laxative
effect in humans. Second, Murray et gl_.ls showed that the tendency for human subjects to
develop diarrhea after being administered a total of 46 g/d of NaCl (28 g/d of Cl7) in their
diet could be eliminated by their ingestion of a large amount of distilled water. Evidence
also indicates that laxative effects can be circumvented by physiological adjustment to
high-chloride water. According to Cass® and Cass et g_l..e no serious physiological effects
were ever reported to public health authorities in Hawaii and Arizona, even though some
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residents used drinking water containing chlorde concentrations as high as 1100 mg/L and
1600 mg/L, respectively. Nevertheless, Coss® states that individuals normally
unaccustorned to such elevated levels of chloride in drinking water may requirs an
acclimation period of a few days to a week to adapt physiclogically and to overcome the
laxative effects that may occur initially.

TASTE EFFECTS

Bruvoldlg conducted a study in which panelists indicated their behavioral response to
the taste of two solutions of NaCl: 1000 mg/L (600 mg/L of Cl7) and 2000 mg/L
(1200 mg/L. of C1”). The mean behavioral response of the panelists to the taste of
1000 mg/L of NaC! in water was that they might be abls to accept the water as an
everyday drinking water. Howsver, at 2000 mg/L of NaCl in water, the mean behavioral
response rating of the panelists indicated that they might not be able to accept the water
as their everyday supply. Zoeteman gt ?‘-L?.O have shown that water with a bad taste will
be consumed in smaler quantities than water with a good taste. This suggests that
concentrations of chloride greater than 1200 mg/L in water may make the taste of water
sc¢ objectionable that people may not want to drink it. Such individuals could become

' susceptible to dehydration, especially in desert environments, where large quantities of

water must be consumed to replace sweat losses. Furthermore, dehydration can lead to

discomfort, weariness, muscle weakness, apathy, impaired coordination, delirium, and heat
21
stroke.

DEVELOPMENT OF RECOMMENDATIONS FOR STANDARDS

Unfortunately, the previous data ars insufficient to derive quantitatively no-effects
threshold levels and comprehensive dose-response relationships for the quantity of
chloride that would induce laxative effects. Furthermore, the available data do not
adequately address the amounts of other ions that are always present along with chloride
in natural waters, and these other constituents may confound any effects attributed to the
presence of chloride alone. However, the evidence does suggest that military personnel
will probably find the taste of water objectionable when chloride is present in
concentrations substantially less than those reported to induce laxative effects.
Therefore, military personnel unaccustomed to the taste are likely to refuse to drink
water containing an elevated chloride concentration. Consequently, dehydration is
considered to be the most likely health effect that may occur when military personnel are
exposed to high-chloride water and alternate supplies are not available.

4-8
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. Chloride ions constitute only a portion of the TDS content of water; therefore,
slovated chloride concentrations in water reflect the presence of aven greater TDS

. concentrations, snd the relationship between the TDS concentration in vater and the

objectionable taste of water hos been quantified by Bruvold and Ongex'th.22 In the absence
of comprehensive doss-response data concerning the laxative effect of high chloride
concentrations in drinking water, we recommend computing chloride standards for military
field-water supplies by equating the chloride concentration to a corresponding TDS
concentration. This computation is made by applying the quantitative method developed
by Bruvold and Ongerth22 to determine the portion of the population that could refuse to
drink the water because of an objectionable taste produced by its TDS content. The TDS
concentration corresponding to the amount of chloride present in a field-water supply is
estimated by assuming that the TDS concentration is composed entirely of NaCl. The
baeis for this assumption is the fact that Na and Cl ions are the predominant constituents
of the TDS content of field water, particularly seawater, that has been processed through
a ROWPU to achieve potability.m' This means that for this calculation, the chloride
content of military field-water supplies represents approximately 60% of the TDS
concentration. This also means that the lower limit of the TDS-to-chloride ratios
generally encountered in natural waters equate to the minimal TDS level to be expected
for a given chloride level.

METHODOLOGY

The Bruvold and Ongerth?‘2 approach was based on the use of taste panels to assess
the general taste quality of natural waters by methods of psychometric scaling. Two
psychometric rating scales, a quality (Q) scale and an action-tendency (AT) scale, were an
integral part of this approach. An explanation of the derivation and application of these
scales follows.

Derivation of Q and AT Psychometric Rating Scales

h22 were

The Q and AT rating scales and scale values used by Bruvold and Ongert
developed by B:'uvold19 in an earlier study. Bru old constructed them according to the
method of equal-appearing intervals described by Edwards.24 Accordingly, 53 adult
subjects were instructed to place each of 34 Q and then 18 AT statements into one of 11
numerically identified categories. The 34 QQ statements described the taste of water (e.g.,
"This water has an excellent taste"') and the 18 AT statements referred to the behavioral

response of the individual concerning actual consumption of the water (e.g., "I could never
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drink this water"). The 11 categories into which these statements were to be placed
represented an 11-intervel psychological continuum describing degrees of unfavorableness
or favorableness for each subject. The subjects were told that degrees of unfavorableness
decrease from the 1st to the 6th category, the 6th category is considered neutral, and the
degrees of favorablensss increase from the 7th to the 11th category. The jt_:dgments of
three subjects were rejected because these subjects did not divide the statements into the
11 catagories in the prescribed manner. 19

Once all of the subjects separated the 34 Q statements and then the 18 AT
statements into the 11 categories, and the judgments of the three previously mentioned
subjects were discarded, scale values were derived for each of the statements. The
median of the distribution of the 50 judgments obtained for each statement on the
11-interval psychological continuum was used as the scale value for that statement. The
median or scale value for each statement was determined from a mathematical equation
or directly from a graph of the relationship between the cumulative proportions of
judgments and the 11l-interval psychological continuum into which the statement was
distributed by each of the 50 subiects.“

To construct Q and AT rating scales with equal-appearing intervals between scale
values, and thereby to reduce the number of statements, the interquartile range was
determined first for each statement. This value represents the spread or variation of the
middie 50% of the judgments (i.e., the number of intervals between the 25th and 75th
percentiles) for a particular statement on the 11l-interval continuum. A large
interquartile range measurement meant a statement was ambiguous and should be rernoved
from the scale. Additionally, the intefquartile range value was used for choosing between
twe or more statements with equal scale values but unequal interquartile ranges. The
interquartile range value for each statement was determined mathematically or
graphically in ways similar to those used for determining scale valves.?? In summary,
Bruvold!? used both scale and interquartile range values as the criteria for constructing
the Q and AT psychometric rating scales from the original 34 Q and 18 AT statements.
The resulting scales were thereby reduced to nine statements with nearly equal distances
between scale values and a relatively small interquartile range associated with each
statememt.19

Application of Q and AT Psychometric Rating Scales

The Q and AT psychometric rating scales, which were constructed by Bruvold,lg

were applied by Bruvold and (')ngerth22 using the following procedure. A taste panel of 20
adults (13 male and 7 female) was asked to use the two psychometric rating scales to

4-8




&
A

b owdasn i

avaluate the taste of 29 different natural waters from California. These natural wators
contained TDS concentrations ranging from about 50 to 2200 mg/L, levels that represent a
typical range for TDS concentration in natural waters. Water samples were presented at
room temperaturs to the taste panelists. According to results from earlier research,
sample temperatures between 40°F and 72°F had minimal systematic effect on ratings.
The Q scale consisted of the nine Q statements shown in Table 2, which describe the taste
of water in qualitative terms. The AT scale contained the nine AT statements shown in
Table 3, which refer to the behavioral response of the individual concerning the actual
consumption of the water. The 20 taste-panel members were instructed to score natural
water samples on both Q and AT rating scales using the scale values associated with each
statement that best described their judgment. The mean Q and AT scores were then
calculated for each natural water sample from the 20 scores that were recorded.

To evaluate the relationship between the mean Q and AT scores and the TDS
concentration corresponding to these mean scores, Bruvold and Ongerth22 plotted the data

and employed linear regression analysis to calculate the lines of best fit through each set

of data points. This analysis revealed that an inverse linear relationship exists between
taste-quality scores and TDS concentration and between behavioral intention scores and

Table 2. Quality (Q) scale for describing the taste of water.zz-

Median scale

Statement value

_ This water has an excellent taste. 10.67
This water has a very good taste. 9.79
This water has a good taste. 8.45
This water has a slightly good taste. 7.16
This water has a neutral taste. 6.09
This water has a slightly bad taste. 4.61

Boundary scale value for military unacceptability 3.788

This water has a bad taste. 2.95
This water has a very bad taste 2.05
This water has a horrible taste. 1.16

a Scale value representing point where it is assumed that military personnel would refuse
to drink the water.
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Table g.z Action-tendency (AT) scale for describing a behavioral response to the taste of
water,

Scale

Statement value
I would be very happy to accept this water as my averyday drinking water 9.96
[ would be happy to accept this water as my everyday drinking water 9.20
I am sure that [ could accept this water as my everyday drinking water 8.07
[ could accept this water as my everyday drinking water, 7.35
Maybe I could accept this water as my everyday drinking water. 5.64
[ don't think [ could accept this water as my everyday drinking water. 4.21

Boundary scale value for military unacceptability 3.432
I could not accept this water as my everyday drinking water. 2.65
[ could never drink this water. 1.27
I can't stand this water in my mouth and I could never drink it. 1.05

a8 Scale value representing point where it is assumed that military personnel would refuse
to drink the water.

TDS concentration. By assuming a normal distribution around each line of best fit and a
constant standard error of estimation for each scale, Bruvold and Ongerth22 showed that
the regression equations and the corresponding standard errors of estimation, in
combination with z-score equations, could be used to estimate the proportion of people
rating water at or below a certain value on the Q or AT rating scale. Thus, this procedure
could be used to estimate the percentage of a popuiation thet would rate a water
unacceptable on the basis of taste and, consequently, TDS content estimated from the
chloride ion concentration. Therefore, the chloride standards recommended for military
field-water supplies could be expressed quantitatively in terms of the acceptabie
proportion of troops rating the water at a specific level of unacceptability on the Q or AT
rating scale.

ACCEPTABILITY OF MILITARY FIELD-WATER SUPPLIES
BASED ON TDS CONCENTRATION

Actual calculation of the TDS standards for military field-water supplies, using the
Bruvold and Ongetth22 procedure, requires the following assumptions. First, the TDS
content of the 29 different natural waters used in the taste survey is assumed to represent
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the range of TDS concentrations found in the natural or purified waters that are
encountered typically by military populations. Second, the taste panel of 20 adults is
assumed to have the same taste as military personnel. Third, ratings of the general taste

‘quality of water at or below 3.78 on the Q scale (the boundary scale value for delineating

the statement that "This water has a bad tasta") and at or below 3.43 on the AT scale (the
boundary scale value for delineating the statement that "I could not accept this water as
my everyday drinking water"). are assumed to be the critical scale values. These values
indicate the point where military personnel will be su dissatisfied with the water supply
that they would refuse to drink it or would substantially reduce their water consumption,
thereby becoming susceptible to dehydration (see Tables 2 and 3). Finally, a normal
distribution is assumed to exist around the lines best fitting the relationship between TDS
concentrations and Q and AT values derived by Bruvold and Ongerth,22 and a constant
standard error of estimation is assumed for each scale.

The relationship between TDS concentration computed from the chioride content and
the percentage of the population rating water at or below a particular Q or AT scale
rating can now be expressed mathematically using the regression equations and standard
errors of estimation (derived by Bruvold and Ongerth)22 in combination with z-score
equations. For example, the mean Q or AT rating can be estimated for any water supply
by measuring the chloride concentration, computing the TDS content according to the
assumptions previously discussed (i.e., chloride represents 60% of the TDS concentration),
and then inserting that value into the applicable regression equation:

Mg = 7.60 - 0.00213 [TDS], (1)
o= 8.03 - 0.00163 [TDS], (2)
where

g - mean Q-scale rating;
[TDS] = concentration of total dissolved solids in the water supply; and
MaT ™ Mean AT-scale rating.

* Boundary scale values are used because the Q and AT scales are presumed to be
continvous. Therefore, the separation between adjacent statement categories is assumed
to be at the arit*metic mean scale value between the two statements and not at the
median scale value for either statement.
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The standard error of estimation for the mean Q-scale rating (cQ) is 1.47; ths standard
error of estimation for the mean AT-scale rating (¢ AT) is 1.46, According to these
equations, the mean Q- and AT-scale ratings for a water supply containing a
TDSconcentration of 500 mg/L (300 mg/L of Cl7) would be 6.54 and 7.22, respectively.
The mean Q-scale rating (uQ) of 6.54 indicates that 60% of the population would indicate
that ths "Water has a neutral taste" or worse, and 50% would indicate that the "Water has
a slightly good taste" or better (see Table 2). The mean AT-scale rating (u AT) of 7.22
indicates that 850% of the population would rate the water acceptable for everyday
consumption or better, and 50% would rate the water as "Maybe" they could accegt it for
everyday consumption or worse (see Table 3). The mean Q-scale rating value and the
mean AT-scale rating value indicate the median response for a population because the
regression equations describe the lines of best fit for the data frcm the taste-panel study;
as stated previously, a normal distribution is assumed to exist around the lines of best fit.

The mean Q or AT value (u) can then be incorporated into a z-score equation, along
with the respective standard error of estimation (o) for the Q or AT scale, and the
respective scale value that represents the point on either scale at or below which it is
assumed that military personnel could refuse to drink the water (i.e., Q = 3.78 and
AT = 3.43). Thus, the solution to the z-score equation is a standard normal deviate that
corresponds to the proportion of the population on each scale that would refuse to drink
the water based on its taste,

For example, the z-score equation is expressed as

. (3)

where .

2y, = standard normal deviate corresponding to a percentage of the population;

X = Q or AT rating corresponding to the scale value at or below which military
personnel will score the water supply after tasting it, (i.e., xQ-3.78 and
XAT ™ 3.43 foxf the case where military personnel will refuse to drink the water);

p = mean Q- or AT-scale rating calculated from Egs. 1 or 2, respectively; and

o = standard error of estimation for Q- or AT-rating scale (i.e., °%Q" 1.47 and
OAT " 1.46).

For a water supply containing a TDS concentration of 500 mg/L (300 mg/L of Cl7), the

standard normal deviates are -1.88 and -2.80 for the Q and AT scales, respectively. The
. percentage of . the population corresponding to each standard normal deviate
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is determined from a table of values for the standard normal distribution.?® Based on the
standard normal deviate calculated from the mean Q value corresponding to a TDS
concentration of §00 mg/L, the percentage of the population that will complain about the
bad taste of the water and refuse to drink it (xQ = 3,78) is estimated to be about 3%.
Baged on the standard norrnal deviate calculated from the mean AT value corresponding to
a TDS concentration of 500 mg/L, the percentage of the population that could not accept
the water because of its poor taste (x AT ™ 3.43) is estirnated to be approximately 0.5%.

The z-score equation can also be used to estimate the Q or AT value at or below
which a certain proportion of the population will rate the water. According to this
application of the z-score equation, when the water supply contains 560 mg/L of TDS and
the raﬁng score for 10% of tha population is of interest, then z,, = -1.28 and x equals 4.66
for the Q value and x equals 5.36 for the AT value (see Tables2 and 3 for closest
corresponding statements).

Calculations similar to those described previously were used to construct the graphs
in Figs. 1 and 2. Figures 1 and 2 show the relationship between TDS concentration and the
percentage of the military population rating water unacceptable on the Q (< 3.78) and
AT (< 3.43) scales, respectively, and therefore at risk of refusing to drink the water
because of an objectionable taste produced by the TDS concentration in the water. Both
Figs. 1 and 2 could be used to calculate TDS standards, or in this case chloride standards,
once a percentage of military personnel at risk of dehydration has been defined. However,
the fact that the slopes of the AT lines in Fig. 2 are not as steep as the slopes of the Q
lines in Fig. 1 suggests that people may actually accept water that has a poor taste
quality, as Bruvold and Ongerth22 indicated in their paper. This means that the AT scale
is the most appropriate one to use for determining chloride standards based on TDS
concentrations, although military personnel may still complain about the taste of water
even if they do drink it. Thus, the AT lines in Fig. 2 are best suited for estimating the
propertion of the military population that would refuse to drink the water and thereby
become susceptible to dehydration.

RECOMMENDATIONS FOR STANDARDS

Table 4 shows a comparison between three chloride concentrations, the estimated
TDS cencentration computed for each, and the corresponding percentages of military
personnel who would refuse to drink the water (AT < 3.43) or would complain about bad
taste (Q <3.78). These three chloride concentrations represent possible standards for
chloride concentrations in military field-water supplies. Currently, the U.S. Army
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Figure 1. Relationship between TDS concentration and percentage of military population
rating water unacceptable on the quality (Q) rating scale {i.e., < 3.78, the boundary scale
value defining military unacceptability). Extrapolated from analyses by Bruvold and
Ongerth22 of the taste-panel responses to California water supplies.
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Figure 2. Relationship between TDS concentration and percentage of military population
rating water unacceptable on the action-tendency (AT) rating scale (i.e., < 3.43, the
boundary scale value defining military unacceptability). Extrapolated from analyses by
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Bruvold and Ongert of taste-panel responses to California water supplies.
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field-water standard for chloride is 600 mg/L.,Z(5 and the TDS concentration associated
with this amount of chloride is estimated to be 1000 mg/L. Thecorresponding percentage
of the military population that would consider this water unacceptable for consumption
would be about 2%, whereas approximately 12% of the military population would complain
that this water has a bad taste. Increasing the chicride standard to 900 mg/L means that
the TDS content is estimated to be about 1600 mg/L. At this chloride concentration and
estimated TDS level, the proportion of the military population that would refuse to drink
the water would increase to nearly 7%, and approximately 34% of the military population
would complain about the bad taste of the water. Finally, a chloride standard of
1000 mg/L would correspond to an estimated 1700 mg/L of TDS. At this concentration of
TDS, approximately 11% of the military population would refuse to drink the water, and
the military population complaining about bad taste could be as high as 44%. Of course,
achieving chloride concentrations less than 600 mg/L (i.e., TDS less than 1000 mg/L) would
facilitate consumption of adequate amounts of water by military personnel, particularly
when military operations are conducted in arid regions.

The data presented in Table 4 indicate that the current chloride standard for
military field-water supplies, 600 mg/L for both short-term (7-d) and long-term (1-y)

Table 4. Comparison between chloride and corresponding TDS concentrations, considered
as possible standards for military field-water supplies, and estimated proportions of
military population refusing to drink the water or complaining that it has a bad taste.

Possible chloride Estimated TDS Proportion of military population (%)
standard in field concentration Refusing to Complaining about
water (mg/L) (mg/L)3 drink water taste of water
600b 1000 2.1 12
900 1500° 6.9 34
IOOOd 1700 11 44

4 Calculated by assuming that sodium and chloride are the only two constituents of TDS,
which is based on the fact that dissolved solids in ROWPU product water are composed
almost entirely of Na and Cl ions.23

b Current chloride field-water quality standard used by the military.26

€ Current TDS field-water quality standard used by the military.26

d Chloride concentration consumad by populations in Hawaii and Arizona without public
henlth authorities reporting health-effec . consequences.:8
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exposure periods, should be retained; at this concentration, only a small percent.ge of
troops are predictad to refuse to drink the water (approximately 2%), and the proportionof
troops complaining about the taste of water is limited to about 12%. The highz:' chloride
concentrations presented in Table 4 could also be considered as standards if the
U. S. Army is willing to accept a greater proportion of troops at risk of refusing to
consume the water and therefore becoming susceptible to dehydration. Furthermore, a
high percentage of troops (>44%) would be complaining about the bad taste of the water at
chloride concentrations exceeding 1000 mg/L, and this may represent a serious morale
problem. .

We obtained results similar to those presanted in Table 4 when we used
multiple-regression equations, in combination with z-score equations, to estimate the
proportion of the military population refusing to drink water and complaining about the
taste of water containing TDS composed entirely of sodium and chloride. In our
calculations we estimated mean Q and AT values based on the contribution of the
individual ionic constituents of TDS specifically. Bruvold?’ derived these
multiple-regression equations from the unpublished results of a taste-panel study he
conducted on February 7, 1968. We simplified his multiple-regression equations into the
following expressions:

ok 7.96 - 0.0851[{mg/L Na] + 0.0520{mg/L Cl], (4)
and
MpT = 8-47 - 0.0608[mg/L Na] + 0.0357[mg/L Cl] . (5)

The standard error of estimation for the mean Q-scale rating (oQ) in Eq. 4 is 1.44; the
standard error of estimation for the mean AT-scale rating (¢ AT) in Eq. 5 is 1.43.

Equations 4 and 5 were simplified because we assume that the TDS concentration is
composed entirely of sodium and chloride ions. For purposes of these calculations, sodium
comprises 39.4% of the TDS, and chloride comprises 60.6%. Thus, a TDS concentration of
1000 mg/L contains 394 mg/L of sodiuun and 606 mg/L of chloride; a TDS concentration of
1500 mg/L contains 591 mg/L of sodium and 909 mg/L of chloride; ard a TDS
concentration of 1700 mg/L contains 670 mg/L of socium and 1030 mg/L of chloride. The
corresponding proportions of military personnel that might refuse to drink such waters are
2.1, 12, and 21%, respectively; the corresponding proportions of military personnel that
might complain about the taste of such waters are 6.7, 21, and 31%, respectively. The
similarity between those results using the multiple-regression equations for specific ions
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and those results obtained using the linear regression equations for TDS (sece Table 4)
suggests that it is reasonable to use TDS to approximate the response of military personnel
to chloride concentrations in drinking water.
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CHAPTER 5. MAGNESIUM

R. Scofield® and D. P. H. Hsieh!

ABSTRACT

The objective of this chapter is to develop and recommend a drinking-water standard
for the magnesium ion (Mg*z). High levels of magnesium in water are of concern because
they can produce diarrhea and thereby disrupt the normal water balance of military
personnel, particularly in hot climates. We determined a no-effects concentration by
estimating a single no-effect dose and calculating the concentration that would result if
the dose were diluted into the volume of water suggested. Thus, the recommended
standard for Mg+2 is 30 mg/L for a water consumption rate of 15 L/d, and 100 mg/L for a
water consumption rate of 5 L/d.

* Department of Environmental Toxicology, University of California at Davis, Davis,

CA 95618. Present address: ENVIRON Corporation, 6475 Christie Avenue, Emeryville,
CA 94608.

t Department of Environmental Toxicology, University of California at Davis, Davis,
CA 95616.
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INTRODUCTION

The purpose of this research was to develop a recommendation for the maximum
allowable concentration of magnesium in drinking water, for water consumption rates of 5
and 15 L/d. The assumption that a soldier will drink 15 L of water in a day is based on
water-consumnption studies on men performing physical labor in hot climates and on the
basis of U.S. Army field experience in desert situations. The 5-L/d consumption rate is
considered reasonable for less severe situations. A standard is needed because high levels
of magnesium in drinking water can cause diarrkea. Military experience shows that
diarrhea can be incapacitating and can contribute to the dehydration problems that
frequently occur in arid environments.

First, we discuss some of the chemical properties, likely sources, and methods for
measuring magnesium concentrations. This information should be of value to personnel
responsible for locating raw-water sources and operating and monitoring the water-
treatment equipment. Second, we describe the pharmacokinetic considerations pertinent
to setting a standard for magnesium and understanding its effects. Third, we identify and
describe the health effects associated with magnesium. This background information that
is necessary for developing a standard could be of value to personnel who are responsible
for evaluating the hazards of specific field situations.

In developing the standard, it was necessary to make some assumptions. In addition,
some uncertainties are apparent in the data on which the recommended standard is based.
Every attempt has been made to identify the uncertainties and make the assumptions
explicit.

GENERAL PROPERTIES

Magnesium {Mg) comprises about 2.1% of the earth's crust, making it the eighth
most abundant element.l It is also widely distributed among the minerals and soils of the
crust, commonly existing in combination with carbonate, silicate, sulfate, and chloride.2
Like the other alkaline-earth elements, Mg is not found in nature in its metallic form
because it is an active reductant that will react with a variety of nonmet'als.3

Magnesium generally loses both of its outermost valence electrons and becomes a
bivalent cation (Mg*'z).4 The magnesium cation is important when considering water
quality because it is one of the principal cations causing hardness.® Most salts of
magnesium are water-soluble; an exception is magnesium hydroxide, Mg(OH)Z. which is
only soluble to the extent of 19 mg/L at 18°C.2’4 Table 1 shows levels of magnesium
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Table 1. Magnesiurn levels found in natural waters.

Mg concentration

(mg/L) Description of water Reference
~4 (avg.) Natural fresh water 1
Mineralized ground water in
1.5 to 157 South Dakota; TDS > 2,000 mg/L
242 Hot spring; TDS = 1,580 mg/L

1350 Seawater; TDS ~ 35,000 mg/L 1

: Brine ground water, Eddy County,

2490 New Mexico; TDS = 329,000 mg/L 7

found in several different types of natural waters. In two surveys of the mineral content
of natural water in the United States, magnesium levels exceeded 100 mg/L infrequently;
and neither survey reported levels exceeding 200 mg/L, even in fresh waters high in total
dissolved sclids (TDS >2000 mg/L).ﬁ’8 In a survey of the drinking-water supplies of 70
Canadian municipalities, the magnesium concentration in raw water never exceeded
82 mg/L.9 Assuming that brine will not be used as a water source, seawater probably
poses the greatest challenge to treatment equipment for magnesium-ion removal. !

METHODS FOR DETECTING MAGNESIUM

Magnesium levels can be measured in water using atomic absorption spectroscopy,
gravimetric methods, or colorimetric tests,m'11 Because the colorimetric tests are the
fastest and do not require lairge pieces of equipment, they are easily used in the field. The
magnesium concentration can be calculated once the magnesium hardness is known.
Magnesium hardness is caiculated by measuring total hardness and subtracting the results
of the test for calcium hardness.®!! The U.S. Army has colorimetric test kits for

measuring both total hardness and caicium hardness. !
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PHARMACOKINETICS

Pharmacokinatic considerations are important to the. establishment of a
drinking-water standard for magnesium because they show that any systemic effects
caused by a magnesium imbalance result from causes other than the ingestion of too much
magnesium.

ABSORPTION

Most absorption of ingested magnesium occurs in the small intestine and a small
amount also occurs in the colon.12 Absorption takes place almost entirely by a saturable
mechanism, such as facilitated diffusion or active transport.13 Thus, only a limited
number of carrier proteins are available for transporting magnesium ions from the
intestinal lumen, through the mucosal lining of the intestine, and into the blood serum.
However, a small fraction of ingested magnesium may be absorbed by passive diffusion
through the cell membranes of the intestinal mucosa. This small fraction (~10%) of the
absorbed dose would have linear absorption ldnetics,13 but the dominance of magnesium
absorption by a saturable process is consistent with findings that the fraction of ingested
magnesium that is absorbed decreases at high-dose levels. For example, one study
reported absorption percentages of 75.8, 44.3, and 23.7 for orally administered magnesium
doses of 23, 240, and 564 mg/d, respec:tiv«aly.14 At the normal magnesium-ingestion rates
of adults in the U.S. (240 to 480 mg/d), the absorbed fraction is about one-third to
one-half of the total amount ingested.lz'15

Antagonistic interactions that involve magnesium and another substance can affect
the absorption of either magnesium or the other substance. For example, calcium and
magnesium are believed to be competitive with respect to their absorptive sites. Thus,
high calcium levels in the intestinal tract can reduce magnesium absorption.16
Alternatively, magnesium, administered as MgClz, reduces fluoride absorption, according
to experiments with rats.17

ELIMINATION

Ordinarily, most ingested magnesium is not absorbed from the lumen of the

intestines and thus is eliminated in the feces. '® For absorbed magnesium, the kidney is

the major route of excretion, accounting for the elimination of nearly all serum

18,19 Smaller amounts are normally eliminated via sweat, milk, and secretions

16

magnesium.

into the intestinal tract. However, the normal amounts of magnesium eliminated
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through each route can change. For example, one study involving humans found that under
desert conditions, sweat accounted for about 12% of the total-magnesium excretion during
the day; if nighttime sweat losses were considered, sweat accounted for 25% of the
totml.zo

Normally, magnesium in the serum is filtered into the glomerulus and then
reabsorbed from the tubules of the kidney to the extent that enly 3 to 5% of the filtered
magnesium is expected in the urine.21 When magnesium levels are elevated, clearance
increases linearly with the serum level.19 Magnesium elimination by the kidneys and the
maintenance of a constant magnesium level in the serum appears to be controlled by both
hormonal and nonhormonal factors.?}

DISTRIBUTION

The body of an average 70-kg person contains approximately 24 g of magnesium:
50% in bone, 45% as intracellular cation, and 5% in the extracellular fluid. 2 Intracellular
and extracellular magnesium concentrations can vary independently; and even though 30%
of the magnesium in the skeleton is an exchangeable pool, mobilization from this pool is a

12 The normal range of magnesium blood levels deviates from the

slow process in adults.
2

mean by less than 15%, indicating that a sensitive control mechanism is operating.2
About one-fourth of blood magnesium is bound to protein and is nondiffusible. The
remaining three-quarters is diffusible and appears in the glomerular filtrate.?!

ESSENTIALITY

Magnesiumn is an essential human nutrient required as a co-factor for many enzymes
and is contained in many metalloenzymes. It also plays an important role in
neurochemical transmission and muscular excitability. 12,16,23 1pg National Academy of
Sciences' recommended dietary allowance for magnesium is 350 mg/d for adult males and
300 mg/d for adult females.23

HEALTH EFFECTS

The ability of magnesium to cause laxative effects is well established: it is widely
prescribed as a laxative and cathartic. Therefore, it is reasonable to expect that
consumption of high levels of magnesium in drinking water would cause laxative effects.
In addition, magnesium is associated with other health effects--hypermagnesemia and
magnesium deficiency--and it has adverse effects on the palatability of water.
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LAXATIVE EFFECTS

Magnesium salts are used commonly as laxatives and cathartics; in clinical medicine,
40 meq (480 mg) is the recommended dose when a laxative effect is desired.24 However,
as with other saline laxatives, it appears that humans can develop a tolerance to
magnesium's laxative effects. 1

The World Health Organization (WHOQ) states that one possible undesirable effect of
water with high magnesium content is gastrointestinal irritation, especially in the
presence of sulfate.25 Drinking-water supplies high in magnesium have been associated
with elevated levels of laxative problems in the community consuming the water.528
Laxative problems can be dangerous to the soldier because, if severe enough, they can be
incapacitating. However, they can also be dangerous before that point by disrupting the
normal water balance and accelerating dehydration. It is this degree of laxative effect
that should be protected against to ensure no performance degradation on the part of a
soldier.

Saline cathartics, such as magnesium salts, cause the retention of excess fluid in the
intestinal lumen and increased motor activity in the intestinal tract (hyperperistalsis).
Traditionally, this has been explained as poorly absorbed, but soluble, ions exerting an

" osmotic pressure that causes the retention of fluid in the intestinal lumen. This increase

24 More recent studies report that the

in bulk indirectly stimulates intestinal transit.
cause of the laxative effects of various saline solutions can be much more complicated.
For example, in addition to osmotic effects, saline cathartics may increase the fluid
volume of the intestinal tract by reducing water absorption in the small intestine and by
stimulating substantial increases in the secretion of pancreatic, gastric, and intestinal
fluids. It is not clear to what extent these effects are caused directly by the various ions
of the saline cathartics or to what extent they are mediated by the cathartic-stimulated
release of hormones, particularly cholecystokinin.”—29 The same uncertainty exists in
understanding how hyperperistalsis is induced.”'29 Consequently, it appears that at least
some of the saline cathartics have a fairly complex mode of action and can cause laxative

effects by several different mechanisms.

HYPERMAGNESEMIA

No evidence was found to indicate that large oral intakes of magnesium aré harmful
to people with normal renal function, ! Thus, toxic effects following ora) administration of
magnesium are rare, attributable primarily to the body's ability to sustain remarkably
constant serum-magnesium levels.’® The National Research Council Safe Drinking Water
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Committee]' reports that hypermagnesemia occurs in humans only as a resuit of kidney
malfunction. Fcr example, if the giomerular-filtration rate falls below 30 mL/min,
magnesium excretion will be impaired and serum levels may rise to undesirably high
levels.3? One of the possible causes of a sudden drop in the glornerular-filtration rate and
the appearance of hypermagnesemia is dehydration.12

The symptoms associated with elevated plasma levels of magnesiurh include muscle
weakness, hypotension, sedation, confusion, and respiratory paralysis; electrocardiogram
changes have also been reported.lz’16 The normal plasma concentration of magnesium is
1.5 to 2.2 meqg/L. 12 as plasma levels begin to exceed 4 meq/L, the deep-tendon reflexes
are diminished; they may disappear at levels of about 10 meq/L. At 12 to 15 megq/L,
respiratory paralysis becomes a potential hazard. The plasma concentration of magnesium
that causes complete heart block may be variable, 12

MAGNESIUM DEFICIENCY

The effects of magnesium deficiency include neuromuscular irritability,
calcification, and cardiac and renal dalmage.16 However, substantial quantities of
magnesium are present in a variety of foods; consequently, magnesium deficiencies
attributable to inadequate amounts of its ingestion appear to be rare.23 Deficiencies can
be caused by abnormally high elimination rates, and magnesium deficiencies have been
reported that result from diarrhea12 and the performance of hard labor in hot climates
(i.e., loss through perspiration).l

ADVERSE EFFECTS ON WATER PALATABILITY

Palatability of drinking water is important to military personnel because an
objectionable taste could discourage a soldier from drinking as much water as is needed
and thus contribute to voluntary dehydration in an arid environment. The taste threshold
of a substance in water is often recommended as a standard for substances that can give
water a bad taste. However, evidence exists that demineralized water has an unpleasant
taste and that the taste threshold for mineral ions is actually at or very near the
concentration that people report as having the most pleasant taste.31 Thus, the
concentration at which the taste becomes objectionable appears to be a valid point to
recommend as the maximumn allowable concentration of a substance in drinking water.

However, the current state of knowledge about the taste qualities of inorganic ions
makes it difficult to quantify the contribution that an individual ion, such as magnesium,
will make toward degrading the taste of drinking water. Primarily, this difficulty is
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presented because ions cannot be tested individually in water and because the nature of
the combined effect of several ions on taste is poorly understood. For example, some
authors conclude that the taste effects of anions are simply additive to those of cations in
taste ratings.32 but others maintain that anions can mask the taste effects of cations. 33

In any case, it appears that high levels of magnesium wiil give a bad taste to water.
It also appears that the level of magnesium that people report as having an objectionable
taste is affected by the anion with which it is associated.aa'ss In addition to the level
and combination of ions, other variables such as psychosocial factors and water
temperature can affect the acceptability of a mineralized water.35'37’38 Also, a wide
range of difference exists among individuals (1) in subjective taste intensities reported for
a given water,37’39 and (2) ir concentrations that are assessed as acceptable for one's
daily drinking water.‘m In the determination of objectionable taste levels another factor
is important: people who drink highly mineralized water adapt to the taste of it over
time.41

Thus, to encourage troops to drink adequate amounts of water, and to prevent
voluntary dehydration, the water should not have an objectionable taste. It is generally
recognized that at high concentrations, magnesium and other ions will give an unpleasant
taste to water. However, the relationship between ion concentrations, drinking water
acceptability and the phenomenon of voluntary dehydration is not understood well enough
to predict the concentration of any one ion that will begin to exacerbate voluntary
dehydration in troops under arid conditions. Some rough guidance can be found in the
report that water with a magnesium salt (MgSO 4) concentration of 1000 mg/L (magnesium
ion concentration would be 200 mg/L) was rated as acceptable by a group tasting the
water, even though they also reported that the taste was not good.34

DEVELOPMENT OF RECOMMENDATIONS FOR STANDARDS

Major uncertainties are apparent in the method for calculating the recommended
standard for magnesium. In addition, assumptions were required to bridge gaps in the
current knowledge about the health effects of magnesium.

METHCD AND RATIONALE

Based on the previous discussion of health effects associated with magnesium at the
lowest dose, laxative effects are those that lead to performance degradation. In addition,
because of the body's ability to maintain a constant magnesium level, and because reports
of chronic toxicity are lacking, it is suggested that a long-term (1-y) standard for
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magnesium is not necessary and that the recommended standard applies to any exposure
period of 1d or more. The recommended standards in this document are intended to
prevent laxative effects from occurring as a result of the consumnption of drinking water
containing magnesium ions. For a drinking-water consumption rate of 5 L/d, a 100-mg/L
s_tandard is recommended; and for a consumption rate of 15 L/d, 2 30-mg/L standard is
recommended. These are the Mg"z concentrations that result if a laxative dose
(480 mg)zq‘ of magnesium ions is dissolved in the assumed daily water requirement of 5 and
15 L. per person, respectively. Another assumption is that magnesium in food will be
assimilated or eliminated without causing any laxative effects, and that any laxative
effects will be attributable to the additional magnesium ions that are ingested from
drinking water.

CALCULATION OF RECOMMENDATIONS FOR STANDARDS

The calculations for the assumed water-consumption rates of 15 L/d and 5 L/d are
shown below. The calculation for a 5-L/d water-consumption rate is included because
under some non-worst-cace conditions, 5 L is a more reasonable amount of water to
expect someone tc consume in one day. In addition, this allows comparison with other
military drinking-water standards, which assume a daily water consumption of 5 L.

—HOS /d =30 mg/L ; and

wsolyd/d =100 mg/L .

MAJOR UNCERTAINTIES AND ASSUMPTIONS

The most important uncertainties in the previous cal